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Nebraska’s dependence upon the High Plains (Ogallala) Aquifer for agricultural
production is vital to the state’s economy, ecology and hydrology. The Sand Hills region
(58,000 km2) of Nebraska is a unique system of lakes, (~5%) wetlands, (~10%)
subirrigated meadows, (~20%) dry valleys and (~65%) upland sand dune ecosystems.
Understanding how each of these land cover types reacts to climate conditions of
different water limitations is vital to regional water resource management. This research
explores the ecohydrological behavior of different land cover types at the Gudmundsen
Sand Hills Research Laboratory (GSRL) near Whitman, Nebraska in the heart of the
Sand Hills region of Nebraska by using remote sensing and in-situ estimations of energy
partitioning. By employing satellite technology and micrometeorological instrumentation
this research establishes a better understanding how energy partitioning, and resulting
evapotranspiration (ET), differs between different vegetative communities. We present
findings of diurnal and seasonal estimates of energy partitioning as well as daily
estimations of ET from both satellite image processing and in-situ observations by Bowen
ratio energy balance systems (BREBS). This research also employed different techniques
to estimate energy partitioning via remote sensing by adjusting radiation, wind speed, and
stability parameters to better represent areas with high topographic relief. The last focal
point of this research was to analyze how energy partitioning and ET varied both spatially
and temporally under different climate conditions between 2004 (normal year), 2006 (dry
year), and 2009 (wet year).
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(
et al., 1994, 19999), as welll as substanttial
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variability in timing, duration, and location of precipitation events (Gosselin et al., 2006).
Furthermore, high topographic relief, sandy soils, and sharp contrasts in vegetative
communities also influence hydrologic organization (Sridhar et al., 2005). In order to
maintain agricultural production and support the cattle industry, an accurate estimation of
hydrologic processes in the Sand Hills is required.
Water consumed by way of transpiration through vegetation (T), and evaporation
from the surface as (E), collectively evapotranspiration (ET), impacts the local and
regional hydrologic regime on various spatial and temporal scales. Recently, there has
been a large volume of research devoted to better understanding of the continuum of
water fluxes from groundwater through soils and vegetation into the atmosphere in semiarid regions such as northern Brazil, west Africa, southeast Arizona, and the Texas High
Plains using various methods including ground-based in-situ observations and remote
sensing technology (Billesbach et al., 2002, 2003; Tasumi et al., 2005; Chavez et al.,
2005; Sridhar et al., 2005; Gosselin et al., 2006; Allen et al., 2007a, 2007b; Schuttemeyer
et al., 2007; Sobrino et al., 2007; Cleugh et al., 2007; Irmak et al., 2008a, 2008b; Irmak et
al., 2008; Singh et al., 2008; Gowda et al., 2008a, 2008b; Folhes and Soares, 2009;
Szilagyi et al., 2009; Moran et al., 2009). The practicality of using remote sensing data
for managing water resources has been previously reviewed (Kustas and Norman, 1996;
Allen et al., 1998, 2005; Bastiaanssen et al., 2000; Courault et al., 2005) and pursuing
such endeavors could enhance our ability to predict water resource availability and the
capacity to sustain agricultural production that is vital to Nebraska both economically and
ecologically. Regional water balance analyses are difficult without accurate information
about all locations in question. Micrometeorological stations are utilized heavily for
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water balance studies although their estimates are derived for the location of the station
alone. The overall goal of this research is to analyze how the semi-arid climate of the
Sand Hills region affects the differences in evaporative fluxes from different land cover
types in a spectrum of water limitations (subirrigated meadows, dry valleys, and upland
dunes) to see how potential climatic changes might impact this region’s hydrology. This
research is important for future management of freshwater resources and improving
parameters in climate modeling of regional evaporation. Thus, this research is intended to
provide insight to how state-of-the-art remote sensing technology can be utilized with
climate data collected in-situ to gain a better understanding of spatial and temporal
variations in evaporative fluxes between different land covers that would not otherwise
be possible.
2.0

Problem Statement
One of the biggest problems facing water resource management in the Sand Hills

region is accurately quantifying fluxes of water between the atmosphere and land surface.
Many are interested in accurately estimating the utilization of invaluable freshwater
resources for groundwater recharge, irrigation, and climate modeling parameterization.
The Sand Hills of Nebraska exhibit a unique system of land cover types that have
different water limitations and the organization of hydrologic interaction between the
atmosphere and groundwater is poorly understood at a fine spatial scale. Thus, there is a
need for accurate estimations of water consumption and recharge at a high spatial
resolution in order to efficiently manage the water resources that supply the High Plains
Aquifer and the extensive irrigation practices that Nebraskan agricultural producers
depend on.
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3.0

Research Questions
1) How does climate influence the surface energy balance, in particular evaporative
fluxes, from different land cover types in a semi-arid region on daily, diurnal and
seasonal timescales?
2) What role does topography play in the organization of ET in the Sand Hills of
Nebraska and how do different remote sensing techniques influence our
understanding of the surface energy balance in a semi-arid region?
3) How is water consumption within these land cover types affected by different
levels of hydroclimatological conditions both spatially and temporally?
To address these questions, I will analyze the surface energy balance for different

years by combining observed ET estimations from meteorological stations in concert with
remote sensing technology. In doing so, I will demonstrate a new approach to
understanding the organization of ET with the use of state-of-the-art satellite information
in the Sand Hills that has yet to be accurately defined. By combining in-situ estimations
of surface energy partitioning and water consumption over different land covers with
high resolution satellite remote sensing technology, our ability to estimate the regional
water balance will be enhanced. Furthermore, our ability to model the influence of
topographical undulations on energy partitioning will be examined through the use of
different techniques of satellite image analysis. This research is divided into chapters that
explore diurnal, daily, and seasonal estimates of water consumption by different land
cover types using different techniques. The following is a short synopsis of each chapter
within this dissertation:
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Chapter 2: Remote Sensing and In Situ-Based Estimates of Evapotranspiration for
Subirrigated Meadow, Dry Valley, and Upland Dune Ecosystems in the Semi-arid
Sand Hills of Nebraska, USA.
The objective of this study is to examine the daily surface energy balance, in
particular evaporative fluxes, from different land cover types in a semi-arid region using
in-situ observations and satellite remote sensing with high spatial resolution. In this study
I address the question: How does climate influence the surface energy balance, in
particular evaporative fluxes, from different land cover types in a semi-arid region on
daily timescales?

Chapter 3: Seasonal and Diurnal Cycles of Surface Energy Partitioning in
Subirrigated meadow, Dry Valley, and Upland Dune Ecosystems in the Semi-Arid
Sand Hills of Nebraska, USA.
The objective of this study is to accurately determine how different land cover
types are influencing regional hydrology in the Nebraska Sand Hills on diurnal and
seasonal timescales. In this study I address the question: How does energy partitioning
differ between subirrigated meadows, dry valleys and upland dunes on seasonal and
diurnal timescales?

Chapter 4: Comparison of Remote Sensing Techniques to Determine the Influence
of Topography on Evapotranspiration Estimation from Subirrigated Meadows,
Dry Valleys, and Upland Dunes in the Semi-Arid Sand Hills of Nebraska, USA
The objective of this study is to determine the most appropriate approach for
utilizing remote sensing technology in the assessment of energy partitioning for our study
area. In this study I address the question: What role does topography play in the
organization of ET in the Sand Hills of Nebraska and how do different techniques of
utilizing remote sensing data influence our understanding of the surface energy balance in
a semi-arid region?
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Chapter 5: Estimating Evapotranspiration of Subirrigated Meadow, Dry Valley
and Upland Dune Ecosystems under Different Climate Conditions in the SemiArid Sand Hills of Nebraska, USA
The objective of this study is to determine how different land covers utilize water
under different climate conditions. In this study I address the question: How is water
consumption within three of the five major land covers (subirrigated meadows / emergent
wetlands, lowland tallgrass prairies and upland dunes) affected by different levels of
hydroclimatological conditions both spatially and temporally?

4.0
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CHAPTER 2: REMOTE SENSING AND IN SITU-BASED ESTIMATES OF
EVAPOTRANSPIRATION FOR SUBIRRIGATED MEADOW, DRY
VALLEY, AND UPLAND DUNE ECOSYSTEMS IN THE SEMI-ARID
SAND HILLS OF NEBRASKA, USA.*
ABSTRACT
Water consumed through evapotranspiration (ET) impacts local and regional hydrologic
regimes on various spatial and temporal scales. Estimating ET in the Great Plains is a
prerequisite for effective regional water resource management of the Ogallala (High
Plains) Aquifer, which supplies vital water resources in the form of irrigation for
extensive agricultural production. The Sand Hills region of Nebraska is one of the largest
grass-stabilized eolian (windblown) sand dune formations in the world, with an area of
roughly 50,000 – 60,000 km2 that supports a system of five major land cover types: (1)
lakes, (2) wetlands (with lakes, ~5%), (3) subirrigated meadows (water table is within ~1
m of surface; ~10%), (4) dry valleys (water table is 1-10 m below surface; ~20%), and
(5) upland dunes (water table is more than 10 m below surface; ~65%). Fully
understanding the hydrologic regime of these different ecosystems is a fundamental
challenge in regional water resource assessment. The surface energy and water balances
were analyzed using Bowen Ratio Energy Balance Systems (BREBS) at three locations:
(1) a meadow, (2) a valley, and (3) an upland dune. Measurement of the energy budget by
BREBS, in concert with Landsat remote sensing image processing for 2004 reveals
strong spatial gradients between sites in latent heat flux that are associated with
undulating topographic relief. We find that daily estimates of ET from BREBS
measurements and remote sensing agree well, with an uncertainty within 1 mm, which is
encouraging when applying remote sensing results across such a broad spatial scale and
undulating topography.
Abbreviations:
GSRL = Gudmundsen Sand Hills Research Laboratory
AWDN = Automated Weather Data Network
BREBS = Bowen Ration Energy Balance System
BREBS-Meadow = Bowen Ration Energy Balance System at the Subirrigated Meadow
Ecosystem
BREBS-Valley = Bowen Ration Energy Balance System at the Dry Valley Ecosystem
BREBS-Upland = Bowen Ration Energy Balance System at the Upland Dune Ecosystem
Rn = Net Radiation (Wm-2)
H = Sensible Heat flux (Wm-2)
λE = Latent Heat flux (Wm-2)
G = Soil Heat Flux (Wm-2)
β = Bowen Ratio (unitless)
GDD = Growing Degree Days (oC)
ET = Actual Evapotranspiration (mm day-1)
ETr = Reference Evapotranspiration for alfalfa (mm)
ETo = Reference Evapotranspiration for grass (mm)
*This article is currently In Press in the Journal of Irrigation and Drainage Systems
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ETrF = Evaporative Fraction or Fraction of Reference Evapotranspiration
ET24 = actual evapotranspiration for the entire 24-hour period (mm day-1)
ETinst = hourly instantaneous ET (mm hr-1)
LAI = Leaf Area Index
NDVI = Normalized Difference Vegetation Index

1.0

INTRODUCTION
The semiarid Sand Hills region of Nebraska is one of the largest grass-stabilized

sand dune formations in the world, with an area of roughly 58,000 km2 that supports a
system of five major land cover types: (1) lakes, (2) wetlands (with lakes, ~5%), (3)
subirrigated meadows (water table is within ~1 m of surface; ~10%), (4) dry valleys
(water table is 1-10 m below surface; ~20%), and (5) upland dunes (water table is more
than 10 m below surface; ~65%). The stabilized dunes and sandy soils sustain unique yet
fragile prairie grasslands (shortgrass and tallgrass) that importantly support agricultural
production by supplying feed for roughly one third of the cattle production in Nebraska
(Gosselin et al. 2006). Most prairie grasslands in Nebraska are sustained by connections
to the groundwater system and/or precipitation. Fully understanding the hydrologic
regime is a fundamental challenge due to significant differences in local and regional
geomorphology over short distances (Gosselin et al. 1994,1999), as well as substantial
variability in timing, duration, and location of precipitation events (Gosselin et al. 2006).
Furthermore, high topographic relief and sandy soils influence hydrologic organization
and allow for sharp contrasts in vegetative communities (Sridhar et al. 2005). In order to
maintain agricultural production and support the Nebraska cattle industry, an accurate
estimation of hydrologic processes in the Sand Hills is required.
Water lost by way of transpiration through vegetation (T), and evaporation from
the land or vegetative surface (E), is known collectively as evapotranspiration (ET),
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which impacts the local and regional hydrologic regime on various spatial and temporal
scales. Recently, there has been a large volume of research devoted to better
understanding the continuum of fluxes from groundwater through soils and vegetation
into the atmosphere in semiarid regions such as northern Brazil, west Africa, southeast
Arizona, and the Texas High Plains using various methods including ground-based in-situ
observations and remote sensing technology (Billesbach et al. 2002, 2003; Tasumi et al.
2005; Chavez et al. 2005; Allen et al. 2007a, 2007b; Irmak et al. 2008a, 2008b, 2008c;
Singh et al. 2008; Gowda et al. 2008; Folhes and Soares 2009; Szilagyi et al. 2009;
Gosselin et al. 2006; Sridhar et al. 2005; Moran et al. 2009; Schuttemeyer et al. 2007).
The practicality of using remote sensing data for managing water resources has been
previously reviewed (Kustas and Norman 1996; Bastiaanssen et al. 2000; Courault et al.
2005) and pursing such endeavors in the Sand Hills of Nebraska could enhance our
ability to predict water resource availability that is ecologically and economically vital
for native grassland communities and the capacity to sustain agricultural production,
respectively.
To address questions related to current ET estimations in the Sand Hills of
Nebraska this research is devoted to understanding the surface energy and water
balances. A model called Mapping Evapotranspiration at high Resolution and with
Internalized Calibration (METRICTM) has been employed to estimate actual
evapotranspiration (ET) (Allen et al. 2007a; 2007b) spatially distributed across a region,
using Landsat imagery. This model uses the residual of the energy balance equation to
estimate ET for each pixel in the image, and has primarily been utilized in irrigated
agricultural settings. This research differs in the fact that the study area exhibits a
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uniquely dynamic system of mixed grass prairie ecosystems which are not dominated by
intensive agriculture. The ecosystems range from semiarid rangeland and upland sand
dunes to subirrigated meadows, wetlands and lakes. To estimate regional ET for the Sand
Hills all major land cover types require attention because of the interconnectedness of the
landscape although this research primarily focuses on terrestrial ecosystems and reserves
open water and wetlands for future work.
For ground-based in-situ estimates of ET, a monitoring network of three
meteorological Bowen ratio energy balance systems (BREBS) were established in 2002
and 2003 in interdunal subirrigated meadow, a dry shortgrass valley, and an upland dune
ecosystems at the Gudmundsen Sand Hills Research Laboratory (GSRL). These will be
referred to as BREBS-Meadow, BREBS-Valley, and BREBS-Upland for the subirrigated
meadow, a dry shortgrass valley, and an upland dune sites, respectively. A fourth on-site
High Plains Regional Climate Center - Automated Weather Data Network (AWDN)
station was used for calibration of the remote sensing method and estimates of
evapotranspiration on satellite overpass dates spanning the growing season. By
combining observed ET estimations from meteorological stations in concert with remote
sensing technology we will demonstrate a new understanding of the organization of ET
established through an approach few have previously attempted specifically in the Sand
Hills of Nebraska. Utilizing these station data in concert with high resolution satellite
information will provide initial estimations of ET from different land cover types at a
spatial resolution not previously tested in the Sand Hills.
2.0

MATERIALS AND METHODS

2.1

Site Description
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The Gudmundsen Sand Hills Research Laboratory is a 52 km2 multidisciplinary
research facility located near Whitman, Nebraska (Latitude: 42.06°N, Longitude:
101.52°W, Elevation: 1,098 m above sea level) which also serves as a cattle ranch
(Figure 1). Rolling topographic relief of up to 122 m is common in this region and
although currently stabilized by grasses, sand dunes exhibit a predominant east-west
orientation in linear arrays. Land use for the Sand Hills region is depicted in Figure 2.
The subirrigated meadow is considered to be an area of groundwater discharge while the
dry valley is described as an area of groundwater recharge or flow-through (Gosselin et
al. 2006). The dunes to the north and south of the subirrigated meadow rise to higher
elevations above the valley floor when compared to the dry valley (68 m vs. 43 m,
respectively). The subirrigated meadow contains a dense canopy that is a mix of C3 and
C4 grasses with dimensions of roughly 6.5 km long and 800 m wide and groundwater
residing at or within one meter of the surface (Figure 1). This site is seasonally harvested
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for hay production. The dry valley exhibits a sparser canopy that contains a higher
proportion of C4 grasses, with dimensions of roughly 4 km long and about 600 m wide
and with groundwater one to ten meters from the surface. This site is open pasture for a
small amount of grazing although is not harvested like the subirrigated meadow. Similar
to previous studies in the Nebraska Sand Hills (Pool 1914) vegetative species distribution
from the dry valley bottom to the upland dunes differs based on the topography (Barnes
and Harrison 1983) due to soil texture (Burzlaff 1962) and spatial and temporal
distribution of soil water (Tolstead 1942). The “Gudmundsen upland” is a dunal uplands
ecosystem with a very sparse canopy, consisting mostly of C4 grasses and isolated forbs
and CAMs (roses and yucca). Groundwater is located more than ten meters from the
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surface at the GU, and these dunal uplands close off the east end of the dry valley. Soil
texture and water holding capacity information for the three BREBS sites are found in
Table 1.
Table 1 Soil water information for the three BREBS locations at the Gudmundsen Sandhills Research
Laboratory near Whitman, Nebraska - WP: Wilting Point, FC: Field Capacity, AW: Available Water (Soil
Water Information Source: Allen et al. 1998; Soil Type Information Source: SSURGO 2011)

2.2

The METRICTM Model
Surface energy balance partitioning can be estimated using METRICTM, which is

a remote sensing image processing model that computes instantaneous estimations of ET
for satellite overpass dates. ET is estimated for each pixel as a residual of the energy
balance. Since the information utilized is from the image time only, this represents an
instantaneous flux. The overall energy balance can be written as:
Rn – H – λE – G = 0

(1)

where λE is the latent heat flux (W m-2), or ET (mm day-1); Rn is net radiation (W m-2); H
is the sensible heat flux (W m-2); and G is the soil heat flux (W m-2). The derivation of
energy budget components is thoroughly described in Allen et al. (2007a)
Sensible heat flux (H) is determined using a heat and momentum flux equation on
a pixel by pixel basis (Allen et al. 2010) (eq. 2).
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H = ρairCp b + aT sDEM
rah

(2)

where ߩair is air density (kg m-3); Cp is air specific heat (1004 J kg-1 K-1); rah is the
aerodynamic resistance to heat flow (s m-1) determined using iterative Monin Obukhov
air stability corrections; a and b are coefficients calibrated for each image; and Ts DEM is
the surface radiometric temperature (K) that has been ‘de-lapsed’ to account for
elevation. Values for H are computed according to Ts DEM. This is done using the “dT vs.
Ts DEM” function where dT is the difference between the air temperature very near the
surface (at 0.1 m above the zero plane displacement height, d, plus height for roughness,
zom) and the air temperature at 2 m above the zero plane displacement height plus zom. Zom
values were assigned where agricultural zom was based on LAI, and other major land cover
classes in the study area were assigned specific values (Barren/Sand/Outcrop = 0.005;
Emergent Wetlands = 0.1; Sandhills Upland Prairie, Little Bluestem-Gramma
Mixedgrass Prairie, Western Wheatgrass Mixedgrass Prairie, and Western Shortgrass
Prairie = 0.02; Sandsage Shrubland, Lowland Tallgrass Prairie, and Upland Tallgrass
Prairie = 0.3; Ponderosa Pine Forests and Woodlands, Deciduous Forest/Woodlands, and
Juniper Woodlands = 0.5; Agricultural Fields = 0.18*LAI). METRICTM assumes a linear
change in dT with subsequent change in Ts DEM. The linear equation for dT vs. Ts DEM is
established by using the dT values at two anchor conditions (“hot” and “cold”) within the
image. Assuming neutral stability conditions, initial values for the friction velocity (u*)
and rah are computed, following with H. Then, u* and rah are computed again using the
Monin-Obukhov theory for stability correction. The corrected rah is then used to compute
a new dT function and a new value for H. This iteration is repeated until dT and rah at the
anchor pixels stabilize (Allen et al. 2010).
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Selection of anchor pixels in Landsat imagery was performed following
recommendations found in Allen et al. (2010). The ‘hot’ anchor pixel was selected from
an area of bare soil and no green vegetation. Here, λE is assumed to be very near zero for
analyses with precipitation events within 10 days of the image. Thus, λE for the hot
anchor pixel was estimated by employing the FAO-56 bare soil water balance model
(Allen et al. 1998) to establish a crop coefficient (Kc) (Figure 3). The cold anchor pixel

Figure 3 Fraction of reference ETr (ETrF), (i.e. Kc) for evaporation from bare soil calculated using the
FAO-56 daily soil evaporation model (Allen et al. 1998) and precipitation data from the Automated
Weather Data Network (AWDN) station at Gudmundsen Sand Hills Research Laboratory for April –
September, 2004. Image overpass dates (5 – May; 22 – Jun; 8 – Jul; 1 – Aug; 17 – Aug; 18 – Sep) are
indicated with stars

was selected from an area of homogeneous grassland similar to a well-watered alfalfa
meadow where virtually all energy is consumed by λE. In METRICTM, the functions for
H (eq. 3) at the hot and cold pixels are expressed as:
Hhot = Rn – G - ETrKc

(3)

Hcold = Rn – G - 1.05ETr

(4)
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where ETr is the reference ET based on alfalfa as a reference crop using the ASCE-EWRI
Standardized Penman-Monteith equation (Allen et al. 1998) calculated using hourly
weather data from the aforementioned Gudmundsen Automated Weather Data Network
(AWDN) station (High Plains Regional Climate Center (HPRCC) 2010). Irrigation (or
subirrigation) creates moist soils beneath a full grown alfalfa crop, thus the factor 1.05 is
multiplied by ETr to signify that expected ET rates will actually be roughly 5% higher
than the reference. For the purposes of this study this factor was adjusted down to 1.0
only for images in the very beginning (May) and end (September) of the growing season
of 2004 based on an assumption that extreme ET rates from the grasslands in this study
would not surpass the reference value associated with alfalfa during these time periods.
Finally, now that all components of the energy balance (Rn, G, and H) have been
calculated, λE can be derived for each pixel as the residual of equation 1. Equation 5
provides an instantaneous value of actual ET as a rate of evaporative loss:
ETinst = 3600

λ LE
λ * ρ water

(5)

where ETinst is the hourly instantaneous ET (mm hr-1) at the image overpass time; 3600 is
used to convert seconds to hours; λ is the latent heat of vaporization (J kg-1); and ρwater is
liquid water density (kg m-3). For internal calibration, reference evapotranspiration (ETr)
is calculated using the ASCE-EWRI Standardized Penman-Monteith equation outlined in
Allen et al. (1998) although METRICTM utilizes alfalfa instead of grass as the reference
crop which introduces a potential increase in ETr by 20-40% in a semi-arid climate over
that for the clipped grass reference (Allen et al. 1989; Jensen et al. 1990). At the time of
satellite overpass, the fraction of ETinst to ETr is referred to as ETrF, or the fraction of
reference ET at each pixel (Figure 3). The FAO-56 bare soil water balance model (Allen
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et al. 1998) that calculates ETrF varies with vegetation development and senescence but
METRICTM assumes ETrF to remain constant over the 24-hour time integration. By
defining the cumulative 24-hour ETr for the day as ETr24, ET24 can be calculated using
equation 6,which is similar to the traditional use of crop coefficients (Kc) multiplied by
reference evapotranspiration (ETr for alfalfa or ETo for grass reference):
ET24 = ETrF × ETr24

(6)

ET24 is the actual evapotranspiration for the entire 24-hour period (mm day-1).
METRICTM is calibrated here such that the input dataset (hourly meteorological station
data) constitutes the calibration dataset for reference evapotranspiration estimates.
Although we examine METRICTM results of three different land cover types, the
meteorological input (calibration) dataset does not change for each land cover type when
processing images on different dates, thus the reference to which all three land cover
types are compared remains constant. A data quality assessment was administered on the
calibration dataset prior to image processing to ensure the integrity of the solar radiation,
humidity, air temperature, wind, and precipitation data using Allen (1996) (Appendix A).
Hot and cold pixels characteristics are described in Appendix B.
2.2.1 Processing Landsat 7 Images
Due to the fact that Landsat 7 experienced a scan-line correction error on May 31,
2003, processing these images required a slightly modified procedure compared to
Landsat 5 images. Landsat 7 images exhibit a zigzag pattern along the ground path that is
most prominent toward the edges of the scene. Prior to processing areas without satellite
data using METRICTM, a five by five array was sampled with properties of the nearest
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neighbor defined for each pixel with missing data as a result (Singh et al., 2008; Singh
and Irmak, 2009).
2.2.2

Averaging Technique to Estimate ET at each Bowen Ratio Energy Balance
System (BREBS) Location using Remote Sensing
In calculating ET, LAI, and NDVI from METRIC®, a simple yet straightforward

approach was employed. This procedure involved not only the value of the (30m x 30m)
pixel at the location of the Bowen Ratio Energy Balance Systems (BREBS) but also a
three by three array surrounding. One extra pixel surrounding the three by three array in
the direction of the prevailing wind at the time of satellite overpass (here, 10:00am to
11:00am) was included in the calculation of ET for each station location in each image.
The inclusion of the extra pixel is an attempt to minimize the footprint of the station on
estimation of ET. This array is smaller than the 100 – 300 m2 footprint potential of a
BREBS station and was selected because when the Bowen ratio is small (which
commonly occurs at these locations) the fetch to height ratio is reduced from the
commonly used ratio of 1:100, to 1:20 (Heilman et al. 1989).
2.3

Meteorological Stations

2.3.1 Automated Weather Data Network (AWDN)
Hourly weather observations utilized for the internal calibration of METRICTM
were obtained from the Automated Weather Data Network (AWDN) station at
Gudmundsen Sand Hills Research Laboratory. This station is owned and operated by the
University of Nebraska-Lincoln and the High Plains Regional Climate Center (HPRCC).
This station contains a shielded HMP45 temperature/humidity sensor (mounted at a
height of 1.5 m), a MET-One model 014A cup anemometer and Met-One 024 wind vane
(mounted at a height of 3 m), an Eppley PSP pyranometer (mounted at a height of 2
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meters), a Texas Electronics tipping bucket rain gauge (mounted at a height of 0.5 – 1.0
m), a Vitel soil moisture probe (Stevens Hydraprobe), and a Campbell Scientific CR10X
datalogger. More information regarding this network of stations can be viewed online
(HPRCC 2010). Tables 2 and 3 display daily meteorological data from this AWDN
station, and data specifically bounding the image time of ~10:30am on the image dates,
respectively. Data quality was assessed through a process of investigation of basic
meteorological parameters utilized in the calibration of METRIC (Appendix A).
2.3.2

Bowen Ratio Energy Balance Systems (BREBS)
In-situ observations of surface energy and water fluxes were obtained using

Bowen Ratio Energy Balance Systems (BREBS) at three different locations at the
Gudmundsen Sand Hills Research Laboratory (subirrigated meadow, BREBSMeadow;dry valley, BREBS-Valley; and upland dune, BREBS-Upland). These stations
were identical in instrumentation and include shielded Vaisala Humitter 50-Y
temperature and relative humidity sensors mounted at a height of 1.9 m and 3.3 m above
the surface, MET-One model 014A cup anemometers and Met-One 024 wind vanes
mounted at a height of 1.9 m and 3.3 m above the surface, Vaisala PT105B barometers,
Texas Instruments tipping bucket rain gages, Kipp & Zonen NR-lite net radiometers,
Delta-T ML-2 theta probe soil moisture sensors at 10 cm, 25 cm, 50 cm, and 1 m depths,
LiCor LI-200 pyronometers, LiCor LI-190 PAR sensors (all mounted at a height of 2.2
m), and two REBS HFT soil heat flux plates installed approximately 3 to 5 cm below the
soil surface at each site. Data were logged by Campbell CR23X data loggers using
Campbell Scientific AM25T solid state multiplexers to provide additional input channels.
All channels were scanned once per second and 30 minute averages of these
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Table 2 Meteorological data from the calibration station (Automated Weather Data Network – AWDN)
that bounds the image time (~10:30 am) for each of the images (Landsat 5 and 7, Path 32, Row 31) during
2004 that were analyzed in this study (U, wind speed; TDew, dew point temperature; ETr, alfalfa reference
ET; Rs, incoming solar radiation; RH, relative humidity)

U
Dew Point
Temperature
ETr

Date
Time
(CST)

5-May
10:00

11:00

10:00

11:00

10:00

11:00

m s-1

6.5

7.2

5.5

4.9

4.4

4.3

6.5

4.7

5.1

5.5

12.0

13.1

1.0

1.2

0.8

0.8

0.8

0.9

o

C

mm hour-1
-2

22-Jun

8-Jul

Rs

Wm

781

867

788

871

768

854

RH

%

26.7

20.6

37.2

36.4

38.9

40.3

U
Dew Point
Temperature
ETr
Rs
RH

Date
Time
(CST)

1-Aug
10:00

11:00

10:00

11:00

10:00

11:00

m s-1

3.9

4.2

4.3

5.6

3.7

3.7

4.5

6.1

11.2

11.6

17.2

17.3

0.4
753
51.8

0.5
849
39.5

0.7
689
43.2

0.9
785
40.7

0.4
615
82.1

0.6
705
69.5

o

C

mm hour-1
-2

Wm

%

17-Aug

18-Sep

Table 3 Daily meteorological data from the calibration station (Automated Weather Data Network –
AWDN) for the image dates analyzed in this study (Landsat 5 and 7, Path 32, Row 31) during 2004. (Tmax,
maximum temperature; Tmin, minimum temperature; Rs, incoming solar radiation; U, wind speed; ETr,
alfalfa reference ET; RH, relative humidity)

Tmax
Tmin
Rs
U
ETr
RH

5/5
33
11
451
5.2

6/22
24
3
531
3.3

7/8
30
15
533
3.6

8/1
36
12
523
1.6

8/17
30
6
518
3.6

9/18
30
13
391
4.2

1

10.6

8.0

7.5

7.1

7.8

6.3

%

34.5

54.2

65.0

58.4

61.6

59.0

o

C

o

C

W m-2
m s-1
mm day-

instantaneous values were recorded. Data were manually downloaded several times per
year and processed by a FORTRAN program of our own design. The resulting fluxes
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and other ancillary products were automatically inspected, and quality control flags
assigned.
Because a psychrometer exchanging mechanism was not available, biases of the
individual T/RH sensors (Vaisala Humitter 50-Y) were removed by calibrating them once
a year to a standard unit which was itself calibrated to a precision platinum resistance
thermometer and to a reference dew point hygrometer. The energy fluxes obtained via
this procedure were compared to values obtained from eddy covariance instruments
installed at the dry valley site. The procedure was also tested against eddy covariance
instrumentation in a fallow Oklahoma wheat field (Billesbach et al 2004). These
comparisons indicate that the Bowen ratio energy fluxes are within about 10% of the
eddy covariance ones.
From these observations we have estimated in-situ ET by employing the BREBS
method. The energy available at the surface will be partitioned into sensible (H) and
latent heat (LE) fluxes, which we are able to quantify by means of measurable climatic
parameters (Bowen 1926). Their ratio (H/LE) is referred to as the Bowen ratio (β).
Calculation of the Bowen ratio in neutral atmospheric conditions is described as follows:
⎛ dT ⎞
H = ρ aC p K h ⎜
⎟
⎝ dz ⎠
⎛ λ ⎞ ⎛ de ⎞
⎟K w ⎜ ⎟
⎝ P ⎠ ⎝ dz ⎠

λE = ρ aε ⎜

(7)

(8)

Where ρa is the density of dry air (~1.2 kg m-3); Cp is the specific heat of air (1.013 kJ kg1o

C-1); Kh and Kw are turbulent exchange coefficients for sensible heat and water vapor,

respectively, which are assumed equal; ε is the ratio molecular weight of water vapor to
dry air (0.622); ∂z is the difference in height between the two sensors (1.4 m); dT and de
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are the vertical gradients in air temperature (oC) and vapor pressure (kPa), respectively, at
two different heights; P is the barometric pressure (kPa); and λ is the latent heat of
vaporization (MJ kg-1).

β=

H
λE

(9)

The latent heat of vaporization (λ) (MJ kg-1) varies with temperature according to
Harrison (1963):
λ = 2.501 – 0.002361T

(10)

where T is average air temperature (oC) between the two sensors. We can combine the
energy partition equation (1) with equation (8) to solve for both H and the λE in terms of
measured quantities. Thus, the λE may then be computed from:

λE =

Rn − G
1+ β

(11)

Here water vapor flux (E, referred to as ET hereafter) is considered to be a combination
of vegetative transpiration and evaporation from the soil and plant surfaces (or canopy).
Individual instrument specifications at each BREBS location are displayed in Table 4.
2.4

Growing-Degree-Day (GDD) Calculations
Calculating the accumulation of growing-degree-days (GDD) has been utilized in

numerous vegetative analyses attempting to describe phenological events of vegetative
species (Sharratt et al. 1989; Danneberger and Vargas 1984; Bosworth et al. 2003;
Breazeale et al. 1999; Frank et al. 1993; Frank and Hofman 1989; McCarty 1986). In its
classic form, GDD is calculated using daily maximum and minimum air temperature
data:
GDD =

Tmax − Tmin
− Tbase
2

(12)
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Table 4 Instrumentation specifications for the BREBS systems at the Gudmundsen Sand Hills Research
Laboratory near Whitman, Nebraska.
Instrument
Type

Make/Model

Quantity

Height of
Sensor
(m)

Platinum
resistance
thermometer

Vaisala Humitter
50-Y

2

1.9 and
3.3

Capacitive RH
sensor

Vaisala Humitter
50-Y

2

Cup
anemometer

MET-One model
014A

Wind Direction

Wind vane

Atmospheric Pressure

Variable

Units

C

± 0.6 oC

1.9 and
3.3

%

±4%

2

1.9 and
3.3

m s-1

± 0.11 m s-1

Met-One 024

1

3.3

degrees

± 5o

Pressure
transducer

Vaisala PT105B

1

1.9

mbar

± 0.3 at +20
°C

Precipitation

Tipping bucket

Texas
Instruments
TE525

1

1

mm

± 10 mm
hour-1
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Base temperatures (Tbase) of 0oC and 4oC were implemented to calculate growing-degreedays for cool-season and warm-season vegetative development, respectively (Frank et al.
1993; Frank and Hofman 1989). In our calculations, if Tmax or Tmin< Tbase they are set
equal to Tbase (Master and Wilhelm 1997). For this study, vegetative growth and
development in both cool and warm-season vegetation is assumed to have an upper limit
of 30oC (McCarty 1986). Accumulation of GDD began when the minimum temperature
was above 0oC for at least five days in a row (Frank and Hofman 1989). Accumulations
for this study began on April 1, 2004. With known GDD accumulations for phenological
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events of species identified in the field by Awada and Milby (2010) including Poa
pretensis or Kentucky bluegrass (C3), Elymus smithii or Western wheatgrass (C3),
Bouteloua gracilis or Blue gramma (C4), and Medicago sativa or Alfalfa (C4) we have
the ability to monitor differences in development that will compliment satellite image
processing analysis throughout the growing season. Information regarding GDD
calculations and developmental timing of anthesis (transition from vegetative to
reproductive phases) are presented in Table 5.
Table 5 Growing-degree-day calculation and phenological development information for four grass species
at the Gudmundsen Sandhills Laboratory near Whitman, Nebraska

Latin Name
Common
Name
GDD (oF)
o

GDD ( C)
Photosynthetic
Pathway
Source

3.0

Elymus
smithii
Western
Wheatgrass
1170

Poa
pretensis
Kentucky
Bluegrass
653-779

Bouteloua
gracilis
Blue
Gramma
1530

Medicago
sativa

650

363-433

850

1444

C3

C3

C4

C4

Frank et al.
1993

Danneberger
and Vargas
1984

Frank et al.
1993

Sharrat et al.
1989

Alfalfa
2600

RESULTS AND DISCUSSION
Analyzing the three mixed grassland ecosystems in this study requires special

attention to the intricate differences in vegetative structure from one site to the next. The
subirrigated meadow is the only one of our three sites that is dominated by C3 species,
which exhibit a markedly different seasonality than C4 species that are in greater
abundance at dry valley and upland dune sites. The C3 spring season begins around the
first of April but all Landsat imagery from this time was contaminated with cloud cover.
Also, Beck et al. (1990) found that utilizing remote sensing techniques to analyze
phenological assessment of semiarid grasslands may be problematic in spring. This is due
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to the erectophile structure of early growth and sensitivity limitations of the indices if the
image’s spatial resolution is too coarse to detect biophysical changes of the vegetation.
Therefore, images prior to May were not included in evapotranspiration analysis.
3.1

Daily Evapotranspiration Estimates

3.1.1

May 5, 2004 – DOY 126 (Figure 4a)
Using METRICTM, a total of six ‘snapshot’ images were processed during the

2004 growing season (May – September). The first image (Landsat 5) was taken on May
5, 2004 (DOY 126) (Figure 4a) with a prevailing wind direction of 234o. Although April
received one of the highest monthly total precipitation (68 mm, total) amounts, it all
occurred on or prior to April 21 (DOY 113). This first image was 13 days after the last
precipitation event (Figure 3), meaning that soil water present at that time could either be
a result of high soil water holding capacity of spring precipitation, groundwater influx, or
capillary rise (Figure 5). Differences in soil texture and depth to the water table play a
large role in determining the amount of water available for transpiration in this region.
The Gannett-Loup fine sandy loam texture exhibits higher water holding capacity and
limited infiltration in the subirrigated meadow compared to the other ecosystems in this
study. In contrast, the dry valley (Elsmere loamy fine sand) and upland dune (Valentine
fine sand) ecosystems exhibit lower water holding capacity and greater infiltration
capability (SSURGO 2011). At the beginning of the growing season, soil water and
groundwater are assumed to have been recharged close to field capacity at the
subirrigated meadow site from snowmelt and high precipitation in April (Figure 5a; Table
1).
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Figure 4 Daily evapotranspiration (ET) on 5 - May (a), 22 - Jun (b), 8 - Jul (c); 1 - Aug (d); 17 - Aug (e);
and 18 - Sep (f) at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska, 2004. The
three symbols indicate the locations of the BREBS with the western = Subirrigated Meadow; central = Dry
Valley; eastern = Upland Dune
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Figure 5 Daily(March – October) 2004 Precipitation and soil moisture measurements from the
Automated Weather Data Network (AWDN) station (A) located adjacent to the subirrigated meadow, the
BREBS-Valley (B), and the BREBS-Upland (C) at the Gudmundsen Sand Hills Research Laboratory, near
Whitman, Nebraska
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In terms of overall ET assessment using remote sensing, the subirrigated meadow
displays characteristics that are similar to the range defined by Fernandez and Love
(1993) for well-watered C3 Poa pretensis (Kentucky bluegrass) equal to 2.5 – 7.5 mm
day-1 (ETr = 10.6 mm day-1 on May 5). The subirrigated meadow and another nearby
subirrigated meadow displayed a range of 1.6 – 9.5 mm day-1 (Table 6), with an average
ET of 5.6 mm day-1 in the array based calculation as described in sec. 2.2.2 on this image
date (Table 7 and Figure 6). On DOY 126, the BREBS-Meadow recorded an ET flux of
4.65 mm day-1. This relatively high ET rate is indicative of the shallow nature of the
water table at this site when this image was captured. The opportunistically abundant C3
species germinate following heavy spring precipitation (Mulroy and Rundel 1977) and
deplete abundant available water rapidly with high transpiration rates (Barnes and
Harrison 1983). Danneberger and Vargas (1984) reported that anthesis in Poa pretenses,
a common C3 species in the subirrigated meadow (Awada and Milby 2010), occurs when
363 – 433 GDD have accumulated using the cool-season temperature thresholds (Table
5). After a fifteen year study, McCarty (1986) found that this occurs around April 21
Table 6 METRICTM results of the spatially averaged daily evapotranspiration, spatially averaged seasonal
(May – September) evapotranspiration, and the spatial range of evapotranspiration values within the
subirrigated meadow, dry valley and upland dune sites (all units are in mm day-1)
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(DOY 113) for Poa pretensis. Another common C3 species, Elymus smithii (Western
Wheatgrass), is found to reach anthesis when ~650 GDD have accumulated (Table 5)
(Frank et al. 1993). In our study, this occurred on May 28 (DOY 149). Thus, this image
was captured prior to the ecological transition from transpirational dominance by coolseason C3 species to warm-season C4 species (Kemp 1983) (Figure 7a). On this the
subirrigated meadow, NDVI is very low (0.41; Figure 8), date in and LAI is as well (0.52;
Fig. 9). ETrF in the subirrigated meadow on this date is ranged widely throughout

Figure 6 Daily Evapotranspiration (ET) estimates from METRIC and BREBS-Meadow, BREBS-Valley,
and BREBS-Upland for 2004 at the Gudmundsen Sand Hills Laboratory near Whitman, Nebraska (1:1 line
is indicated by the dotted line)
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the meadow (0.1 – 1.00), but around the station averaged 0.55 (Table 8). This indicates a
developing vegetative crop that is developing and growing, but because of the abundant
mix of C3 species in the subirrigated meadow, ETrF around the station is lower than that
of a mature alfalfa crop (ETrF = 1.0 – 1.05). At the beginning of May, subirrigated
meadows with C3 species present in the Sand Hills region are capitalizing on the spring
cool-season and some evaporative fraction (ETrF) values within the subirrigated meadow

Table 7 Resulting estimations of evapotranspiration from image processing (METRICTM) and Bowen Ratio
Energy Balance Systems (BREBS)
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Figure 7 Time series of accumulated growing degree days (GDD) for both cool season and warm season
phenologies (GDD 0/30 for cool season, GDD 4/30 for warm season); minimum (Tmin) and maximum
(Tmax) daily air temperatures from the Automated Weather Data Network (AWDN) station at the
Gudmundsen Sand Hills Research Laboratory; and transition time periods from spring-cool to summerwarm season (a) and summer-warm to fall-cool season (b) for 2004
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Figure 8 Normalized Difference Vegetation Index (NDVI) derived from Landsat imagery at the locations
of three different BREBS including the subirrigated meadow, dry valley, and upland dune sites within the
Gudmundsen Sand Hills Laboratory near Whitman, Nebraska, 2004

Figure 9 Leaf Area Index (LAI) derived from Landsat imagery at the locations of three different BREBS
including the subirrigated meadow, dry valley, and upland dune sites within the Gudmundsen Sand Hills
Laboratory near Whitman, Nebraska, 2004
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Table 8 Resulting estimations and ranges of evaporative fraction (ETrF) from image processing
(METRICTM) around the Bowen Ratio Energy Balance Systems (BREBS) stations and within the immediate
vicinity of each respective land cover type.

reached the value of a fully mature crop, with respect to the alfalfa reference METRICTM
employs, indicating similar growth characteristics of well-watered (irrigated) alfalfa. To
test this notion, we observed the ETrF of nearby plots of center-pivot irrigated alfalfa
derived from our land cover data. On this date, the value of ETrF within these plots
averaged 0.95.
The dry valley site displays higher vegetation community competition (mix of C3
and C4 species) in the valley bottom compared to the transitional areas between the dry
valley and the upland dunes, which is dominated by C4 and CAM species such as
Calomovilfa longifolia (Prairie Sandreed), Bouteloua gracilis (Blue Gramma), and Yucca
glauca (Yucca). The BREBS-Valley is located near the lowest point of the valley and
experiences recharge to field capacity following spring precipitation events in April (Fig.
5b; Table 1). The presence of some shallow-rooted C3 species could be due to frequent
recharge to shallow soil water from drainage characteristics and topographic position of
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the station location. METRICTM results show a range of 0 – 3.0 mm day-1 (Table 6)
throughout the dry valley and a resulting 1.7 mm day-1 in the array based calculation
(Table 7 and Fig. 6), while the BREBS-Valley recorded a latent heat flux of 2.65 mm
day-1 for this image date. The BREBS-Valley is in an area exhibiting slightly higher ET
(range of 1 – 3 mm day-1; ETr = 10.6 mm day-1 on May 5) than some of the surrounding
valley that experiences greater topographic relief and exhibiting a greater abundance of
C4 grasses, (Fig.s 4 and 6). This heightened ET, compared to the surrounding areas of the
valley, is most likely a result of limited surface drainage of abundant precipitation in
April, and soil properties that aid the presence of shallow-rooted C3 species (Figure 5)
because NDVI and LAI are quite low at this time (0.41 and 0.46, respectively; Figures 89). The presence of C4 species in the surrounding areas of the valley is due to a greater
abundance of loamy sand soil texture, compared to the sandy loam soil texture at the
subirrigated meadow, that allow for greater infiltration that deep-rooted C4 species
capitalize on. ETrF in the dry valley on this image date is 0.15, ranging from 0.01 – 0.25
(Table 8), indicating vegetation (mostly C4 species) that is awaiting the summer warmseason and not transpiring much.
In the upland dunes, C4 and CAM species dominate due to the greatest abundance
sand among the sites allowing for the greatest infiltration and lowest water holding
capacity of the soils (Figure 5c; Table 1). These species have a competitive advantage in
the most arid of all three station locations due to heightened water-use efficiency (WUE)
in C4 and CAM species. The upland areas exhibited the lowest range of ET from 0 – 0.9
mm day-1 (Table 6) with a resulting 0.9 mm day-1 in the array-based average surrounding
the station, while the BREBS-Upland recorded an ET rate of 0.54 mm day-1 on this date
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(Table 7 and Figure 6) (ETr = 10.6 mm day-1 on May 5). NDVI and LAI are very low in
the upland areas in this May image (0.21 and 0.06, respectively; Figures 8-9). With the
greatest water limitation and sand content, the upland dunes exhibit an ETrF of 0.08,
ranging from 0.01 – 0.10, indicating the extremely low transpiration occurring at that site
at the beginning of May compared to the alfalfa reference employed in METRICTM.
3.1.2 June 22, 2004 – DOY 174 (Fig. 4b)
The second image (Landsat 5) was captured on June 22, 2004 with a prevailing
wind direction of 5o. The most recent precipitation event (11 mm) occurred on June 18
(Fig.s 3 and 5). If water were limited in the uppermost regions of the subirrigated
meadow soil profile, ET rates would decline substantially by image time. Although, due
to sufficient recharge to soil moisture by recent precipitation and groundwater at the
subirrigated meadow during June (Fig. 5), ET rates actually increased to range from 3 – 7
mm day-1 (Table 6), and resulting in 5.4 mm day-1 in the array-based average at the
BREBS-Meadow location (Table 7 and Figure 6) (ETr = 8.0 mm day-1 on June 22). ETrF
(0.67 at the BREBS-Meadow location) ranged from 0.60 – 0.93 in the subirrigated
meadow (Table 8), and this may be attributed to C3 and C4 species collectively
transpiring at a rate that was greater than simply the C3 species alone in May. A notable
increase in LAI (increase of 1.89 from the May image to a value of 2.41; Figure 9) and
NDVI (increase of 0.28 from the May image to a value of 0.69; Figure 8) has occurred at
the subirrigated meadow from May to June. Due to contributions of abundant C3 species
nearing physiological maturity and the increasing abundance of C4 species biomass, the
BREBS-Meadow reported its highest ET rate of the 2004 season (6.10 mm day-1) on this
image date (Table 7).
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The dry valley site experienced an increase in ET rate compared to May with the
progression of the warm-season C4 species beginning to increase transpiration (NDVI =
0.44 (Fig. 8); LAI = 0.57 (Figure 9)). METRICTM results for the dry valley range from 0.8
– 3.0 mm day-1 (Table 6) with a resulting 2.0 mm day-1 in the average surrounding the
BREBS-Valley (Table 7 and Figure 6) (ETr = 8.0 mm day-1 on June 22). On this date, the
BREBS-Valley recorded a latent heat flux of 2.92 mm day-1, nearly identical to the May
image (2.7 mm day-1), although average ETrF increased slightly from 0.15 to 0.25
(ranged from 0.04 – 0.29) (Table 8). The observation of similar ET rates in May and June
at this site is an indication of the dominance of the more physiologically active C4 species
that are taking advantage of the warm-season conditions and pulses of precipitation.
Although vegetation is much sparser at the upland dune site (NDVI = 0.30 (Figure 8); LAI
= 0.18 (Figure 9)), remote sensing estimates of ET ranged from 0.5 – 2.7 mm day-1
(Table 6) with a resulting 2.3 mm day-1 in the average surrounding the BREBS-Upland
location (Table 7 and Figure 6) (ETr = 8.0 mm day-1 on June 22). The BREBS-Upland
reported a latent heat flux of 1.27 mm day-1 and exhibited ETrF values ranging from 0.03
– 0.30. ETrF at the BREBS-Upland location was 0.28 (Table 8).
3.1.3 July 8, 2004 – DOY 190 (Fig. 4c)
The July 8 image (Landsat5) was obtained after precipitation events of 19 and 2
mm occurred on July 3 and 4 (Figure 3) and a prevailing wind direction of 4o. According
to the AWDN data, a precipitation event of 23 mm occurred on the image date but,
importantly, not until after the image had been acquired (Figures 3 and 5). Thus, this
information was not included in the calibration of the image during processing. As the
seasonal change from spring to summer progresses, more available energy is present due
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to the lengthening of the photoperiod and increasing GDD (Figure 7). This increasing
available energy and increase in overall photosynthetically active biomass results in
increased transpirational demand as long as water is not limited. In the subirrigated
meadow, NDVI and LAI are at a maximum during this image (NDVI = 0.73 (Figure 8);
LAI = 2.97 (Figure 9)) suggesting that C4 abundance is increasing rapidly at this time.
Andales et al. (2010) and Wright (1988) define the ET range for a well-watered crop
(Medicago sativa) of 6-8 mm day-1 (ETr = 7.5 mm day-1 on July 8). In terms of overall
ET, remote sensing estimates throughout the subirrigated meadow display a range of 5.5
– 6.9 mm day-1 (Table 6) with a resulting 6.7 mm day-1 in the array-based average at the
BREB-Meadow location (Table 7, Figures 3 and 5); a similar result to Gosselin et al.
(2006). ETrF ranged from 0.85 – 1.05 (0.999 at the BREBS-Meadow location) (Table 8)
on this date which is most likely due to the image occurring at a time when C3 biomass is
at maximum and C4 biomass is increasing rapidly, resulting in increased LAI and NDVI.
At the same time, C3 species transpiration is declining substantially and C4 transpiration
is increasing which results in decreased overall transpiration at this site due to the
dominance of C3 species and higher WUE of C4 species. The day after this image was
captured, a month-long cutting of the subirrigated meadow commenced (July 9 - August
7, DOY 191 - 220) (Applegarth 2011), coinciding with accumulated warm-season GDD
of 1000 on July 11 (DOY 193); a recommended stage for cutting alfalfa (Sharratt et al.
1989) (Figure 7b). Also, this plot is cut opportunistically when the vegetation is mature
and the soil conditions allow necessary harvesting machinery to complete the harvest.
Although LAI and NDVI do not increase substantially at the dry valley (NDVI =
0.44 (Fig. 8); LAI = 0.58 (Figure 9)) and upland dune (NDVI = 0.3 (Figure 8); LAI = 0.17
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(Figure 9)) sites compared to the June image, transpiration increases slightly. METRICTM
estimates ranged from 2.3 – 3.9 mm day-1 and 0.5 – 2.9 mm day-1 (Table 6), with a
resulting 3.3 mm day-1 and 2.9 mm day-1 in the average surrounding the BREBS-Valley
and BREBS-Upland, respectively (Table 7) (ETr = 7.5 mm day-1 on July 8). Increases in
ETrF are noted at each of these locations as well. The dry valley exhibited a range of
0.35 – 0.60 (0.55 at the BREBS-Valley location) and the upland dune exhibited a range
of 0.28 – 0.42 (0.42 at the BREBS-Upland location), which could be due to sporadic
recharge to soil moisture from June precipitation (Figure 5). The BREBS reported latent
heat fluxes of 5.82, 4.46, and 2.29 mm day-1 at the subirrigated meadow, dry valley, and
upland dune sites, respectively (Table 7).
3.1.4

August 1, 2004 – DOY 214 (Fig. 4d)
The first Landsat 7 image processed was obtained on August 1, 2004 (DOY 214)

at a time when the most recent precipitation event was 20 mm on July 27 (DOY 209)
(Figure 3) and a prevailing wind direction of 2o. July experienced the highest amount of
monthly precipitation (89 mm), which surpassed the 30-year monthly normal (HPRCC
2011). Due to sharp changes in soil water content before and after precipitation events,
this image captured a time when soil water has likely been replenished in the dry valley
and upland dune sites (Figure 5). Although soil water has been replenished close to field
capacity (Figure 5; Table 1), this image captured the end of a month-long harvest of the
subirrigated meadow (Applegarth 2011). Thus, a decrease in NDVI (decrease of 0.13 to a
value of 0.60; Figure 8) and LAI (decrease of 1.37 to a value of 1.60; Figure 9) is
noticeable in the subirrigated meadow for this image date due to removal of transpiring
biomass from the system. The decrease in transpiration rate in the subirrigated meadow is
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also reflection of warm-season C4 species dominance and their ability to maintain optimal
transpiration while using less water (increased water-use efficiency) compared to coolseason C3 species (Cowling et al. 2009). Furthermore, at this time C4 species are
beginning phenological phase change devoting more energy toward seed production and
less energy toward overall increases in above ground biomass (Pol et al. 2009). This is
also a period when C3 species have reduced their transpiration rates through increased
stomatal resistance to prevent water loss during this period of maximum annual
temperatures which average ~32oC (the highest temperature recorded was 28oC on July
19) (HPRCC 2010) and are physiologically inactive due to seasonal adaptations to water
availability (Fowler 1986) and temperature (Williams 1974). ETrF at the BREBSMeadow location changed from 0.99 in July to 0.63 in August although the range of
values (0.50 – 1.05) remains consistently near the value of a mature alfalfa crop (1.05)
(ETr = 7.1 mm day-1 on August 1).
Conversely, C4 species thrive in warmer temperatures (Williams 1974) and here
we find transpiration rates at the dry valley and upland dune sites continuing to increase
compared to July estimations. At this time, the dry valley site experiences a seasonal
maximum of LAI (1.18 (Figure 9)), NDVI (0.53 (Figure 8)) and ETrF (dry valley = 0.60
and upland dune = 0.46 (Table 8)), marking a time when the C4 pathway of
photosynthesis is optimized (Fowler 1986) and soil water is abundant due to above
average precipitation in July. During his fifteen year study, McCarty (1989) found that
Bouteloua gracilis (Blue Gramma), one of the dominant C4 species in the dry valley and
upland dune sites (Awada and Milby 2010), can progress toward anthesis around August
7 (DOY 220). These two sites are approaching physiological maturity (when 850 – 1400
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GDD have accumulated (Sharratt et al. 1989): here, between July 2 – August 5, or DOY
184 – 218) and nearing the transition from the warm-season to the fall cool-season. The
subirrigated meadow experienced its highest ET rate over a month earlier, at the end of
June (Figure 2). METRICTM results in the subirrigated meadow range from 1.8 – 8.0 mm
day-1 (Table 6) with a resulting 4.4 mm day-1 in the array-based average at the BREBSMeadow (Table 7) (ETr = 7.1 mm day-1 on August 1). METRICTM estimates of ET in the
dry valley range from 1.5 – 4.8 mm day-1 (Table 6) with a resulting 4.2 mm day-1 in the
average surrounding the BREB-Valley (Table 7) (ETr = 7.1 mm day-1 on August 1). In
the upland dune site, METRICTM estimates range from 1.5 – 3.9 mm day-1 (Table 6), with
a resulting 3.3 mm day-1 in the array-based average surrounding the BREB-Upland
(Table 7) (ETr = 7.1 mm day-1 on August 1). NDVI at the upland site averaged 0.34
(Figure 8), while LAI averaged 0.26 (Figure 9). On this date the BREBS-Meadow,
BREBS-Valley, and BREBS-Upland reported latent heat fluxes of 5.16, 4.97, and 2.46
mm day-1, respectively.
3.1.5 August 17, 2004 – DOY 230 (Fig. 4e)
The second Landsat 7 image was acquired on August 17, 2004 with a prevailing
wind direction of 5o. With autumn approaching, net radiation is decreasing, and
senescence is near. Similar to June, this image date also captures imagery of a time
nearing the end of the warm-season. This is when cool-season C3 species begin to
transpire at a higher rate and C4 species begin to exercise greater stomatal resistance, and
reduce transpiration, due to cooling air temperatures. After harvest, the subirrigated
meadow begins re-growth where NDVI and LAI increase slightly to 0.63 and 1.82,
respectively (Figures 8-9). Although C3 species are becoming more physiologically
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active during this period, overall biomass fraction compared to C4 species that are close
to maximum cover is lower and estimated rates of transpiration in the subirrigated
meadow continue to decrease most likely due to decreases in available energy that occur
(photoperiod) later in the year. METRICTM ET estimates ranged from 1.5 – 6.0 mm day-1
(Table 6) with a resulting 4.2 mm day-1 in the array-based average at the BREBSMeadow location (Table 7 and Figure 6) (ETr = 7.8 mm day-1 on August 17). The
BREBS-Meadow recorded a latent heat flux of 4.6 mm day-1 at this time. After
harvesting the subirrigated meadow, August precipitation (14 mm) was below the 30-year
normal (HPRCC 2011) thus increasing the difference between evaporative demand and
soil moisture content. In times of increased soil moisture variability, above-ground
biomass accumulation is expected to decrease while energy is devoted to increasing
below-ground biomass to ensure longevity (Fay et al. 2003). Here, at the end of the
warm-season, C3 species are devoting more energy toward below-ground biomass and are
awaiting more favorable conditions (cooler temperatures) to optimally expand aboveground biomass, and C4 species are beginning to senesce. Therefore, LAI and NDVI
increase at this time (LAI increases by 0.22 to 1.82 (Fig. 9); NDVI increases by 0.03 to
0.63 (Figure 8)) but at a rate lower than the May to June transition. ETrF in the
subirrigated meadow also continues to decrease to range from 0.42 – 0.84, with 0.53 at
the BREBS-Meadow location.
In the dry valley, remote sensing estimates of ET range from 1 – 3 mm day-1
(Table 6), with a resulting 2.7 mm day-1 in the average surrounding the BREBS-Valley
(Table 7 and Figure 6) (ETr = 7.8 mm day-1 on August 17). NDVI decreased by 0.01 to a
value of 0.52 (Fig. 8), while LAI decreased by 0.11 to a value of 1.07 (Figure 9) on this
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image date in the dry valley. ETrF in the dry valley decreased to 0.35 (range = 0.10 –
0.60) (Table 8). At the upland dune site, remote sensing estimates of ET range from 0 – 3
mm day-1 (Table 6), with a resulting 1.8 mm day-1 in the average surrounding the
BREBS-Upland (Table 7 and Figure. 6) (ETr = 7.8 mm day-1 on August 17). NDVI
decreased by 0.02 to a value of 0.32 (Figure 8), while LAI decreased by 0.05 to a value of
0.21 (Fig. 9) on this image date. ETrF in the upland dunes decreased to 0.22 (range =
0.001 – 0.30) (Table 8) and transpiration rates decreased to less than 2 mm on average
(Table 6), meaning that only the deepest rooting C4 species were able to capitalize on the
minimal soil water available (Figures 5 and 7). Although temperature and available
energy is decreasing, a trace amount of ET is evident at these sites indicating the end of
the warm-season is near. On this date the BREBS-Meadow, BREBS-Valley, and
BREBS-Upland reported latent heat fluxes of 4.63, 2.30, and 1.22 mm day-1, respectively
(Table 7 and Figure 6).
3.1.6

September 18, 2004 – DOY 262 (Fig. 4f)
September 18, 2004 constitutes the final image processed in this research and on

this day the prevailing wind direction was 189o. At this time, all grass species utilize
energy that is increasingly limited as time progresses toward the fall and winter seasons.
The Gudmundsen area experienced the second highest monthly precipitation (83 mm,
Figures 3 and 5) during the month of September in 2004, 43 mm above the 30-year
normal (40 mm). Therefore, soil water has been replenished near field capacity (Figure 5;
Table 1) although energy is limited which can potentially reduce transpiration rates at all
three sites. In the subirrigated meadow, NDVI and LAI continue to recover (NDVI
increases to 0.67 (Figure 8); LAI increases to 2.15 (Figure 9)) after harvest although at a
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decreased rate compared to the onset of the spring cool-season. This reduction in overall
increase in biomass is most likely attributed to (1) an ever shortening photoperiod
limiting available energy, (2) high water holding capacity, limited drainage, and above
average precipitation could potentially flood the shallow root zone of the dominant C3
species which inhibits oxygen uptake necessary for aerobic respiration, and/or (3) the
dominant C3 species are undergoing a phenological transition from vegetative to
reproductive phases. Final estimations of ET in the subirrigated meadow derived from
METRICTM range from 1.5 – 5.0 mm day-1 (Table 6), with a resulting 3.5 mm day-1 in the
array-based average at the BREBS-Meadow location (Table 7 and Figure 6) (ETr = 6.3
mm day-1 on September 18). On this date the BREBS-Meadow reported an ET rate of 3.0
mm day-1. ETrF in the subirrigated meadow remained relatively consistent with the
August 17 image resulting in a range of 0.25 – 0.80 and 0.55 at the BREBS-Meadow
location.
In the dry valley, the ET estimations from remote sensing ranged from 0 – 1.7 mm
day-1 (Table 6), with a resulting 0.72 mm day-1 in the average surrounding the BREBSValley location (Table 7 and Figure 6) (ETr = 6.3 mm day-1 on September 18). NDVI in
the dry valley averaged 0.50 (Figure 8), while LAI averaged 0.81 (Figure 9) on this image
date. ETrF also decreased rapidly to range from 0.001 – 0.12 and averaged 0.07 at the
BREBS-Valley location. ET at this site is low due to the dominant C4 (warm-season)
grasses entering dormancy due to cooler temperatures and shortened photoperiod. Lastly,
in the upland dune areas, the final estimations of ET from remote sensing ranged from
and 0 – 2.0 mm day-1 (Table 6), with a resulting 1 mm day-1 in the average surrounding
the BREBS-Upland location (Table 7 and Figure 6) (ETr = 6.3 mm day-1 on September
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18). ETrF also decreased to range from 0.001 – 0.26 and 0.17 at the BREBS-Upland
location. NDVI at the upland dune site averaged 0.30 (Figure 8), while LAI averaged 0.17
(Figure 9) on this image date. Therefore, although soil moisture may have been sufficient,
the dominance of C4 and CAM species reduces ET to trace amounts at this time. On this
date the BREBS-Meadow, BREBS-Valley, and BREBS-Upland reported ET rates of
2.92, 0.72, and 0.43 mm day-1, respectively. The reason ET is higher at the upland dune
site could be attributed to greater soil evaporation given there is a greater fraction of
exposed soil at that site.
4.0

CONCLUSIONS AND FUTURE RESEARCH
The images analyzed in this study provide evidence that the use of METRICTM

provides the means to estimate ET accurately in the semi-arid Sand Hills of Nebraska.
Remote sensing results of ET estimation for each image date are within an acceptable
range of roughly 20% difference (or 1 mm day-1) of BREBS observations (Allen et al.
2005, 2007b; Cleugh et al. 2007; Gowda et al. 2008; Sobrino et al. 2007). Daily ET
estimates from METRICTM have been found to contain anywhere from 10-20% error
(Gowda et al. 2008), while the BREBS individual instrument accuracies are listed in
Table 4. Analyzing error in ET estimation using satellite imagery requires careful
consideration of image quantity in any given water balance study. As the number of
analyzed images increases, the cumulative error in estimation will decrease. Thus, a
sufficient number of images, that capture all phenological stages, are required in order to
establish a robust estimation of cumulative growing season ET. Comparing METRICTM
ET results to observations from the BREBS, the subirrigated meadow had an r2 = 0.56
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and a RMSE = 0.74 mm; the dry valley had an r2 = 0.87 and a RMSE = 0.83 mm; and the
upland dune had an r2 = 0.95 and a RMSE = 0.69 mm (Table 6 and Figure 6).
In analyzing Figure 4, the subirrigated meadow displays more scatter between the
BREBS and METRICTM ET estimations compared to the dry valley and upland dune
sites. This could potentially be due to the fact that when available water is virtually
unlimited the ET rate is then dependent upon available energy. Through image
processing, small miscalculations of critical variables such as canopy resistance, of which
the Penman-Monteith approach is dependent upon, can affect the estimation of ET
(Lemeur and Zhang 1990). Potential inaccuracy in measuring the temperature and vapor
pressure gradients and net radiation in-situ also requires consideration when explaining
the heightened scatter of ET estimations at the subirrigated meadow. Because the
gradient of temperature (dT) is potentially quite small, biases in temperature
measurements are more pronounced. Also, sensible heat advection, which METRICTM is
calibrated against, could be occurring that could impact the amount of energy calculated
in-situ, such as during summer months when advection potential is highest. Although
harvest had recently taken place, this phenomenon may be occurring because after the
peak temperatures (end of July – August) the last two images of the summer season
(August 1 and August 18) are underestimated using METRICTM. METRICTM uses the
fraction of reference ET (ETrF) which is better suited to capture the effects of advection
when scaled across an image. METRICTM is well-suited to capture these effects because
it has been noted that other remote sensing approaches which employ the assumption of a
constant evaporative fraction (available energy or Rn-G) may underestimate ET in semiarid regions during the summer months (Allen et al. 2005). Less scatter is evident in
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estimations at the dry valley and upland dune sites because available water is far more
limited. Thus, negative effects on ET estimation by advection or misrepresentation of
canopy resistance, for example, are reduced because total available water for ET is so
minimal at those two sites.
Analyzing the differences between the three land cover types in this study
(subirrigated meadow, dry valley and upland dune) we find some noticeable differences
in how ET is organized. The subirrigated meadows in the region exhibit the highest
average May – September ET rates (4.8 mm day-1) due to the, assumed, close proximity
of the water table and high water holding capacity of the Gannett-Loup soil association.
The dry valleys are intermediate in their evaporative losses (2.1 mm day-1) from May –
September. This is most likely due to the lower water holding capacity of the Elsmere
soil association and limited connections with groundwater. Although the BREBS-Valley
is in a topographic low within the dry valley we believe our results are representative of
other dry valleys within the region. The Valentine soil association’s high infiltration and
low water holding capacities limit ET in the upland dune land cover types more than in
the valleys and meadows. The upland dune areas of the region are estimated to consume
1.5 mm day-1 from May – September. Precipitation inputs at the upland dune locations
are quickly consumed in transpiration, result in runoff to the dry valleys or meadows, or
result in deep percolation to recharge the High Plains Aquifer. The difference in ET from
these three land cover types is derived from hydrological influences on the landscape.
Soil properties and topographic conditions ultimately determine the distribution of
infrequent, and highly seasonal, precipitation events that are vital to the native grassland
species of Nebraska. The findings of this research emphasize how hydrology influences

50

vegetative species composition, and in-turn, how ET is organized between three of the
five major land cover types in the semi-arid Sand Hills of Nebraska.
Overall, these results are encouraging for future use of this method of
evapotranspiration estimation in other semi-arid regions. With the ability to accurately
estimate ET within acceptable limits of the instrumentation and methodologies on a point
scale, inferences about ET on a wider spatial scale can then be made. Thus, the results
from this research can be used in future modeling efforts for point-scale and landscapescale ET estimations, investigations of microclimatic differences between land cover
types, and for hydrologic analyses that focus on the water balance of the Ogallala (High
Plains) aquifer. Finally, this research displays the practicality of high resolution remote
sensing estimations of ET when used in concert with in-situ based calculations over three
of the five major land cover types in the Nebraska Sand Hills region.
Disclaimer: Mention of any trademark, vendor, commercial product, process, or service
by trade name, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement. Any discussion of instrumentation is intended for informational purposes
about this study only.
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CHAPTER 3: SEASONAL AND DIEL CYCLES OF SURFACE ENERGY
PARTITIONING IN SUBIRRIGATED MEADOW, DRY VALLEY, AND
UPLAND DUNE ECOSYSTEMS IN THE SEMI-ARID SAND HILLS OF
NEBRASKA, USA.
ABSTRACT
Evapotranspiration (ET), derived from latent heat flux (LE), impacts local and regional
hydrologic organization on various spatial and temporal scales. Due to the importance of
the Ogallala (High Plains) Aquifer, accurate estimation of LE in the Great Plains is vital
for efficient water resource management. Withdrawals from the Ogallala Aquifer
supplies irrigation water for extensive agricultural production in states including Kansas,
Oklahoma, Texas and Nebraska. One of the areas with the largest saturated thickness in
this region (the Nebraska Sand Hills) is the unique grass-stabilized eolian (windblown)
sand dunes covering roughly 50,000 – 60,000 km2 of Nebraska. Our study site is located
near Whitman, Nebraska which is located in the heart of the Sand Hills region. There, a
system of five major land cover types prevails: (1) lakes, (2) and wetlands (~5%), (3)
subirrigated meadows (water table is within ~1 m of surface; ~10%), (4) dry valleys
(water table is 1-10 m below surface; ~20%), and (5) upland dunes (water table is more
than 10 m below surface; ~65%). By better understanding the seasonal and diel properties
of hydrologic organization among these different ecosystems, regional water resource
assessment will be improved. The surface energy and water balances were measured
using Bowen ratio energy balance systems (BREBS) at three locations during 2004: (1) a
subirrigated meadow, (2) a dry valley, and (3) an upland dune. Results reveal a strong
spatial gradient between sites in latent and sensible heat on diel and seasonal timescales,
which is likely associated with undulating topographic relief containing depressions
supporting different vegetative communities which ultimately influence energy
partitioning differently at each site.
1.0 INTRODUCTION
Understanding the dynamics of microclimatic differentiation among land cover
types is important for water resource managers that rely on the High Plains Aquifer
(HPA) for irrigation. This immense hydrologic feature underlies roughly 448,000 km2 of
land extending from South Dakota to Texas (McGuire et al. 2000). In The United States,
Nebraska ranks first in the most recent census of agriculture in overall area irrigated
(USDA 2007), primarily due to the HPA and the Platte River. Because some areas
overlying the HPA are experiencing groundwater declines (McGuire, 2004), sustaining
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irrigation supply is vital to Nebraska agriculture. Improved seasonal and diel estimates of
hydrologic connections between the earth and atmosphere will potentially benefit
irrigation scheduling (George et al. 2000; Ray and Dadhwal 2001), aquifer recharge
estimates (Szilagyi et al. 2005; Xu and Chen 2005), and regional climate modeling
(Radell and Rowe 2008; Sridhar and Wedin 2009). There is thus a need to better
understand how different land cover types and cropping regimes can be managed for
improved water conservation (Pruegar et al. 1997).
The two-way connection between groundwater and the atmosphere is controlled
by precipitation inputs, and losses via soil and vegetation in the form of latent heat flux
(λE). Evaporation (E) and transpiration (T) are collectively referred to as
evapotranspirtion (ET). Ecohydrological connections are often climate dependent
(Rodriquez-Iturbe, 2000) and important to agricultural producers in areas prone to
drought like the semi-arid Nebraska Sand Hills region (Sridhar and Hubbard 2010).
Regional climatology determines the energy and water available for λE and recharge to
the aquifer seasonally. The objective of this study is to accurately determine how
different land cover types partition available energy in the Nebraska Sand Hills on
seasonal and diel timescales. In this study we will demonstrate a new understanding of
surface energy partitioning in three of the five dominant land cover types in the Sand
Hills of Nebraska on seasonal and diel timescales. Utilizing in-situ observations will
provide initial estimations of differences in seasonal and daily energy partitioning from
different land cover types in the region in efforts to improve hydrologic assessment.
1.1

Site Description

61

The Gudmundsen Sand Hills Research Laboratory (GSRL) is a 52 km2 multidisciplinary
research facility located near Whitman, Nebraska (Latitude: 42.06°N, Longitude:
101.52°W, Elevation: 1,098 m above sea level) which also serves as a cattle ranch
(Figure 1). At GSRL, a network of three micrometeorological Bowen ratio energy
balance systems (BREBS) was established at three locations in 2002 and 2003 in
interdunal subirrigated meadow, dry shortgrass valley, and upland dune ecosystems. Soil
properties, including wilting point, field capacity, and available water in the root zone, at
each site are described in Table 1.
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Figure 1. Boundary of the Nebraska Sand Hills and details about the Gudmundsen Sand Hills Laboratory
(GSRL) land cover types and weather station locations.
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Rolling topographic relief of up to 68 m is common in this region (Gosselin et al. 2006)
and, although currently stabilized by grasses, sand dunes exhibit a predominant east-west
orientation in linear arrays which can alter microclimatic conditions. Varying connections
with groundwater exist among the subirrigated meadow, dry valley and upland dune sites
Table 1. Soil properties for the three Bowen ratio energy balance system (BREBS) locations at the
Gudmundsen Sandhills Research Laboratory near Whitman, Nebraska (Soil Water Information Source:
Allen et al. 1998; Soil Type Information Source: SSURGO 2011).

(Gosselin et al., 1999). With dimensions of roughly 6.5 km long and 800 m wide and
ground water residing at or within one meter of the surface, the subirrigated meadow is
considered to be an area where soil water that collects from the flanking dunes to the
north and south discharges (Gosselin et al., 2006). The dunes to the north and south of the
subirrigated meadow rise to higher elevations above the valley floor than in the dry valley
(68 m vs. 43 m, respectively) (Gosselin et al. 2006). With dimensions of roughly 4 km
long and about 600 m wide and with groundwater one to ten meters from the surface, the
dry valley is a flow-through area in that ground water does not discharge, but rather flows
parallel to the land surface (Gosselin et al. 2006) depending on local hydrology and
precipitation amount/timing. At the upland dune site, topographic undulations are more
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pronounced and depressions up to 3-5 m deep are abundant. Ground water is located
more than ten meters from the surface at the upland dune site, and these dunal uplands
close off the east end of the dry valley (Gosselin et al. 2006).
Vegetative Structure and Land Use
The subirrigated meadow contains a dense canopy that is a mix of C3 and C4
grasses as well as mosses. This site is seasonally harvested for hay production and was
cut once during 2004. In 2004, harvest began on July 9 and ended on August 7 (DOY 191
– 220). The dry valley exhibits a sparser canopy that contains a higher proportion of C4
grasses. This site is open pasture. Periodically, this site is used for grazing but, is not
harvested like the subirrigated meadow. Similar to previous studies in the Nebraska Sand
Hills (Pool 1914) vegetative species distribution from the East Valley bottom to the
Gudmundsen upland dunes differs based on the topography (Barnes and Harrison 1983)
due to soil texture (Burzlaff 1962), and spatial and temporal distribution of soil water
(Tolstead 1942). The upland dune ecosystem has a very sparse canopy, consisting mostly
of C4 grasses and isolated forbs and CAMs (roses, leadplant, and yucca).
2.0

METHODS

2.1

Bowen Ratio Energy Balance Systems (BREBS)
In-situ estimations of λE were calculated using Bowen ratio energy balance

systems (BREBS) at three different locations at the Gudmundsen Sand Hills Research
Laboratory (subirrigated meadow, BREBS-Meadow; dry valley, BREBS-Valley; upland
dune, BREBS-Upland). All three BREBS stations contained identical in instrumentation
which include:
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•

Two shielded Vaisala Humitter 50-Y temperature and relative humidity sensors
mounted at heights of 1.9 m and 3.3 m above the surface;

•

Two MET-One model 014A cup anemometers; mounted at a height of 1.9 m and
3.3 m above the surface;

•

Met-One 024 wind vane;

•

Vaisala PT105B barometer;

•

Texas Instruments tipping bucket rain gage;

•

Kipp & Zonen NR-lite net radiometer;

•

LiCor LI-200 pyronometers;

•

LiCor LI-190 PAR sensors (all mounted at a height of 2.2 m);

•

Two REBS HFT soil heat flux plates installed approximately 3 to 5 cm below the
soil surface at each site;

•

Delta-T ML-2 theta probe soil moisture sensors at 10cm, 25cm, 50cm, and 100cm
depth.

Data were logged by Campbell CR23X data loggers using Campbell Scientific AM25T
solid state multiplexers to provide additional analog input channels. All channels were
scanned once per second and 30 minute averages of these instantaneous values were
recorded. Data were manually downloaded several times per year and processed by a
FORTRAN program of our own design. The resulting fluxes and other ancillary products
were automatically inspected and quality control flags assigned.
Because a psychrometer exchanging mechanism was not available, inherent
biases between the individual T/RH sensors (Vaisala Humitter 50-Y) were removed by
calibrating them once a year to a standard unit which was itself calibrated to a precision
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platinum resistance thermometer and to a reference dew point hygrometer. The energy
fluxes obtained from this setup were compared to values obtained from an eddy
covariance instrument that was installed at the dry valley site. The procedure was also
tested against eddy covariance instrumentation in a fallow Oklahoma wheat field
(Billesbach et al. 2004). These comparisons indicate that the Bowen ratio energy fluxes
are within about 10% of the eddy covariance ones. Specific details of the instrumentation
at each BREBS are presented in Table 2.
Table 2. Instrumentation specifications for the BREBS systems at the Gudmundsen Sand Hills Research
Laboratory near Whitman, Nebraska.
Instrument
Type

Make/Model

Quantity

Height of
Sensor
(m)

Platinum
resistance
thermometer

Vaisala Humitter
50-Y

2

1.9 and
3.3

o

C

± 0.6 oC

Capacitive RH
sensor

Vaisala Humitter
50-Y

2

1.9 and
3.3

%

±4%

Cup
anemometer

MET-One model
014A

2

1.9 and
3.3

m s-1

± 0.11 m s-1

Wind Direction

Wind vane

Met-One 024

1

3.3

degrees

± 5o

Atmospheric Pressure

Pressure
transducer

Vaisala PT105B

1

1.9

mbar

± 0.3 at +20
°C

Precipitation

Tipping bucket

Texas
Instruments
TE525

1

1

mm

± 10 mm
hour-1

Incoming/reflected/emitted
shortwave/longwave radiation

Net Radiometer

Kipp & Zonen
NR-lite

1

2.2

W m-2

± 30 W m-2

Soil Heat Flux

Thermopile
gradient

REBS HFT3

2

W m-2

± 5%

Soil Moisture

Probe

Delta-T ML-2
theta

2

m3 m-3

± 0.05 m3
m-3

Incoming shortwave radiation

Thermopile

LiCor LI-200

1

2.2

W m-2

± 5%

Photosynthetically active
radiation

Thermopile

LiCor LI-190
PAR

1

2.2

μmol s-1
m-2

± 1.7%

Variable

Temperature

Relative Humidity

Wind Speed

2.2

Reference Evapotranspiration (ETo)

0.03-0.05
(below
surface)
0.10,
0.25,
0.50, 1
(below
surface)

Units

Accuracy
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Throughout this paper, we will use the convention that positive flux values denote
movement of matter or energy away from the land surface and negative values denote
movement toward it. Reference evapotranspiration (ETo) is calculated using the FAO-56
Penman-Monteith equation (Allen et al. 1998) with grass as the reference crop, using
half-hour data from the BREBS system.

ETo =

Cn
u2 (ex − ea )
T + 273
Δ + γ (1 + Cd u2 )

0.408Δ(Rn − G ) + γ

(1)

where ETo is reference evapotranspiration (mm day-1); Rn is mean daily net radiation (MJ
m-2 day-1); G is mean daily soil heat flux (MJ m-2 day-1); T is the mean daily air
temperature (oC); u2 is the mean daily wind speed at a height of 2 meters (m s-1); es is the
saturated vapor pressure (kPa) at mean daily temperature T :
⎛ 17 .27T ⎞
es = 0.6108 exp ⎜
⎟
⎝ T + 237 .3 ⎠

(2)

ea is the actual vapor pressure (kPa) at mean daily temperature T :
⎛ RH ⎞
ea = es * ⎜
⎟
⎝ 100 ⎠

(3)

where RH is daily mean relative humidity (%); γ is the psychrometric constant (kPa oC-1):

⎛C P⎞

γ = ⎜⎜ p ⎟⎟
⎝ ελ ⎠

(4)

where P is atmospheric pressure (kPa). Cp is the specific heat capacity of air at constant
pressure (1.1013 * 10-3 MJ kg-1 oC-1); ε is the ratio of the molecular weight of water vapor
to that of dry air (0.622, dimensionless); λ is the latent heat of vaporization (2.54 MJ kg1

); and ∆ is the slope of the saturation vapor pressure curve (kPa oC-1):
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⎛
⎛ 17.27 + T ⎞ ⎞
4098⎜⎜ 0.6108 exp⎜
⎟ ⎟⎟
⎝ T + 237.3 ⎠ ⎠
⎝
Δ=
(T + 273.3)2

(5)

Cn and Cd in equation 9 are coefficients derived by ASCE-EWRI (2005) for various
reference crops. Here we calculate daily ETo while assuming a short reference crop (well
watered grass), Cn and Cd are 900 and 0.34, respectively.
2.3

The Energy Balance
Overall energy balance can be written as:
Rn − H − λ E − G = 0

(6)

where λE is the latent heat flux (W m-2), or ET; Rn is net radiation (W m-2); H is the
sensible heat flux (W m-2); and G is the soil heat flux (W m-2).
From these observations we have estimated in-situ evapotranspiration by
employing the BREBS method. The energy available at the surface will be partitioned
into sensible (H) and latent (λE) heat fluxes, which we are able to quantify by means of
measurable climatic parameters (Bowen 1926). The ratio of H to λE is referred to as the
Bowen ratio (β):
⎛ H ⎞
⎟
⎝ λE ⎠

β =⎜

(7)

Latent and sensible heat fluxes may be expressed in terms of the vertical gradients of
temperature and vapor pressure as follows:
⎛ ∂T ⎞
H = ρ aC p K h ⎜
⎟
⎝ ∂z ⎠
⎛ λ ⎞ ⎛ ∂e ⎞
⎟K w ⎜ ⎟
⎝ P ⎠ ⎝ ∂z ⎠

λ E = ρ aε ⎜

(8)

(9)
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Where ρa is the density of dry air (~1.2 kg m-3); Kh and Kw are turbulent exchange
coefficients for sensible heat and water vapor, respectively, which are assumed to be
equal here; ∂T/∂z and ∂e/∂z are the vertical gradients in air temperature (oC m-1) and
vapor pressure (kPa m-1), respectively; P is the barometric pressure (kPa); and λ is the
latent heat of vaporization (mJ kg-1). We may express the vertical gradients as ΔT/Δz and
Δe/Δz where ΔT and Δe refer to the difference between the two sensor readings and Δz is
the vertical distance between them. The Bowen ratio (eq. 10) can be approximated by
using vertical differences of temperature and vapor pressure (eq. 11):
⎛ ΔT ⎞
⎟
⎝ Δe ⎠

β = γ⎜

(10)

We can combine the energy partition equation (eq. 6) with equations 7-10 to solve for
both the sensible heat flux and the latent heat flux in terms of measured quantities. Thus,
the latent and sensible heat fluxes may then be computed using the Bowen ratio,
respectively, from:

λE = ⎜⎜

⎛ Rn − G ⎞
⎟⎟
⎝ 1+ β ⎠

(11)

H = Rn − G − λE

(12)

Dividing by the latent heat of vaporization results in a conversion from latent heat flux
(λE) in W m-2 to evapotranspiration (ET) in mm day-1. ET includes evaporation from the
soil surface (E) and vegetative transpiration (T), collectively.
2.4

Quality Control and Gap Filling
All calibration data were checked against a set of quality control criteria for

validity (Appendix C). If the measured or calculated half-hourly BREBS values fall
outside a set of limits, they were flagged as questionable. For the Bowen ratio, the lower
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limit is -0.1 and the upper limit is10. When calculating daily averages and totals,
questionable data are replaced by the arithmetic mean of the preceding and post-ceding
“good” values. When forming totals for longer periods (monthly or annual), the same
procedure is applied for single missing days, but a linear interpolation scheme is used for
multiple missing days.
3.0

RESULTS AND DISCUSSION

3.1

2004 Average Energy Partitioning: January - December
A time series of precipitation (P), reference evapotranspiration (ETo), and actual

evapotranspiration (ET) calculated at each of the BREBS stations throughout 2004 is
depicted in Figure 2. The monthly 30-year average maximum precipitation in this mid-
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latitude semi-arid region normally occurs in the June (DOY 153 - 182) with an average of

Meadow

Valley

Upland

ETo

P

Figure 2. Accumulated Grass Reference Evapotranspiration (ETo), and Precipitation (P), and Actual
Evapotranspiration (ET) at the Meadow (WM), Valley (EV), and Upland (GU) sites within the
Gudmundsen Sand Hills Laboratory near Whitman, Nebraska, 2004 (January – December) accumulated
totals in mm are listed in parentheses below).
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105 mm, and an average total annual precipitation of 510 mm. (HPRCC 2010). Total
accumulated precipitation at the end of 2004 in the subirrigated meadow is 399 mm; 359
mm in the dry valley; and 371 mm in the upland dune, signifying a year that is drier than
climatological normal (Table 3). Soil moisture data from the High Plains Regional
Climate Center (HPRCC) Automated Weather Data Network (AWDN) station at
Gudmundsen (Figure 3.) Soil moisture for the dry valley and upland dune BREBS
stations (Figures 4-5) depict a dry start to the year, yet one that recovers following
precipitation events.
Table 3. Total evapotranspiration (ET), grass-reference evapotranspiration (ETo), and precipitation (P),
and average net radiation (Rn), evapotranspiration (ET), sensible heat flux (H), soil heat flux (G), air
temperature (Ta), relative humidity (RH), vapor pressure deficit (VPD), and wind speed (U) at the
Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska for January – December 2004.

Totals
P

Units
mm

Meadow
399

Valley
359

Upland
371

ETo

mm

763

960

1017

ET

mm

763

276

213

Averages
Rn

Units
Wm-2

Meadow
110.5

Valley
104.8

Upland
98.1

H

Wm-2

22.4

36.5

61.7

G

-2

1.9

2.2

6.0

-2

Wm

LE

Wm

86.1

66.0

30.2

β

unitless

0.3

0.6

2.0

Ta
RH
VPD

C
%
kPa

14.3
67.5
0.783

15.4
67.9
0.754

16.0
47.3
0.863

U

ms-1

3.9

4.1

4.7

o

Average values (January – December) of various meteorological variables that
have strong influences on λE including net radiation (Rn), sensible heat flux (H), soil heat
flux (G), air temperature (Ta), relative humidity (RH), vapor pressure deficit (VPD), and
wind speed (U) are reported in Table 3 for distinction between microclimatic conditions
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Figure 3. Daily (March – October) 2004 precipitation and soil moisture measurements from the Automated
Weather Data Network (AWDN) station located adjacent to the subirrigated meadow, at the Gudmundsen
Sand Hills Research Laboratory, near Whitman, Nebraska.

Figure 4. Daily (March – October) 2004 precipitation and soil moisture measurements from the Bowen
ratio energy balance system (BREBS) station located in the dry valley site, at the Gudmundsen Sand Hills
Research Laboratory, near Whitman, Nebraska.

Figure 5. Daily (March – October) 2004 precipitation and soil moisture measurements from the Bowen
ratio energy balance system (BREBS) station located in the upland dune site, at the Gudmundsen Sand
Hills Research Laboratory, near Whitman, Nebraska.
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among sites. The subirrigated meadow received slightly higher precipitation than the dry
valley and upland dune sites (40 and 28 mm more, respectively). With the highest net
radiation, precipitation inputs, and minimal soil water limitation, the subirrigated
meadow site exhibited the highest average λE (46.7 Wm-2) and total ET (763 mm) during
2004. When analyzing the entire year, the dry valley and upland dune sites have similar
average λE with 23 Wm-2 and 19.5 Wm-2, respectively, but the dry valley accumulated 63
more millimeters of total ET then the upland dunes during 2004 (Table 3). The
subirrigated meadow site has the lowest average sensible heat flux (27.6 Wm-2). Because
the dry valley and upland dune sites have less available water, λE is reduced and energy
is then either partitioned to sensible or soil heat flux. Interestingly, because the dry valley
site has more overall groundcover (i.e. a higher Leaf Area Index or LAI), G is lower at the
dry valley than at the upland dune site. Overall the subirrigated meadow site is one
degree colder than the upland dune site (8.6 vs. 9.7 oC mean air temperatures) while the
dry valley site’s average Ta is between the subirrigated meadow and upland dune at 9.0
o

C (Table 3). On average for the year, the subirrigated meadow and dry valley sites are

virtually identical in RH, VPD, and U suggesting that the differences in energy
partitioning between those two sites is most related to the average soil moisture
availability and different vegetative communities at each site exhibiting different water
use efficiencies, rather than meteorological variables. The upland dune site is slightly
windier (here, roughly 1 ms-1), hotter (here, roughly 1 oC), and less humid (here, roughly
12%) on average over the entire year (Table 3).
There is one distinct difference in the annual statistics between the subirrigated
meadow and the other two study areas. ET from this land cover type surpasses inputs of
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accumulated precipitation, suggesting that soil water is virtually unlimited to the
vegetation present (Figure 2). From this one year of results we find that the dry valley
and upland dune sites must not have this same soil water conditions and therefore ET at
these sites is dependent primarily on inputs from P and heightened water use efficiency
by the vegetative species (C4) that are more common at those sites and have the ability to
reach deeper into the soil profile to acquire the limited water present.
3.2

Seasonal Energy Partitioning
For this study we have selected various timespans to represent ‘seasons’, where;

spring, or the first cool-season, is considered to extend from April – May (DOY 92 –
152); summer, or the warm-season, is considered to extend from June – August (DOY
153 – 244); and fall, or the second cool-season, is considered to extend from September –
October (DOY 245 – 305). These timespans are utilized in our seasonal analyses of
energy partitioning at each of the three BREBS locations at the GSRL.
3.2.1

Seasonal Energy Partitioning at the Subirrigated Meadow
Monthly data depict some distinct differences in how each site utilizes

precipitation inputs throughout the growing season (Figure 6). All sites begin and end the
year (January, February, November and December) with low ET values (less than 20 mm
month-1) due to limited available energy and atmospheric and soil temperatures low
enough to inhibit substantial vegetative growth and development. Due to abundant coolseason C3 grasses and sedges in the subirrigated meadow that begin to transpire at lower
soil temperatures than vegetation at the dry valley and upland dune sites, and soil water
content beginning the year relatively high in the subirrigated meadow, ET starts
accumulating around the beginning of March (~DOY 61) (Figures 2-3). After the spring
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growing season commences (April), the subirrigated meadow site exhibits monthly ET
rates that are greater than P for the remainder of the year (Figure 6A). Accumulated ET
steadily increases beginning in late March to early April and closely follows the ETo
value, but offset by roughly 100 mm less (Figure 2). Soil moisture in the top 10 cm was
depleted slightly in March, and then recovered in late April following 65 mm of total
precipitation. April coincides with the beginning of the first cool-season (spring) in which
C3 species thrive. Interestingly, even when precipitation decreased by more than one half
from April to May (Figure 3), ET continued to increase from 81 mm to 113 mm , which
are 17% and 11% less than the ETo, respectively (Figure 6A). This is most likely caused
by grasses utilizing deeper soil water because the soil moistures at 25 cm and 50 cm
depths were high (almost field capacity) during this time (Table 1, Figure 3). Increasing
ET from C3 species that thrive in cool spring temperatures utilize this readily available
soil water replenished by local subsurface hydrology. Soil moisture in the top 10 cm then
declined near the permanent wilting point at the beginning of the summer season (May to
June), recovered close to field capacity by late July, and remained at field capacity until
the end of the year (Figure 3). During the spring, roughly 52% of available energy (113
Wm-2) in the subirrigated meadow is consumed by λE averaging 59 Wm-2, (or roughly
2.1 mm day-1 of ET) (Figures 7-8). H maximized in the spring season here (54 Wm-2)
because less energy in the subirrigated meadow is partitioned to λE at that time due to
young, developing vegetation that is a mix of C3 and C4 species. Thus, λE is the main
consumer of energy in spring, but the C4 species are not growing/developing and more
energy (roughly 48%) is partitioned to H at the subirrigated meadow during this season.
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Figure 6. Monthly total evapotranspiration (ET) precipitation (P), and reference evapotranspiration (ETo)
at the subirrigated meadow, dry valley and upland dune sites at the Gudmundsen Sand Hills Laboratory
near Whitman, Nebraska, 2004.
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During the summer months of June, July and August, the subirrigated meadow
exhibited ET values that were only 5% lower than June and 10% lower than the ETo value
for July and August. The peak monthly accumulated ET values (above 100 mm month-1)
in the subirrigated meadow occur from May – August, with the maximum (136 mm)
occurring in July (Figure 6A). The peak ET occurring in July is most likely due to a
combination of (1) high July precipitation (Figure 3) that recharged soil moisture to field
capacity (Table 1, Figure 3) and (2) the cool season C3 species transpiring, albeit
minimally at this time simply to retain vigor in preparation for the upcoming fall ‘cool
season’, in concert with ‘warm season’ C4 species that are thriving at the same time.
Overall the subirrigated meadow site received the greatest Rn in the summer season (137
Wm-2) which coincides with the maximum solar forcing in the earth’s northern
hemisphere (Summer Solstice on June 20). In summer, roughly 96 W m-2 (or 3.4 mm day1

) is consumed by λE (Figures 7-8).
In the fall, 42 Wm-2 (or 1.5 mm day-1 of ET), 64% of available energy (65 Wm-2)

is consumed by λE (Figures 7-8). For the entire April – October timespan, the BREBSMeadow recorded an average ET of 3.2 ± 1.7 mm day-1. The maximum (6.2 mm day-1)
occurred during the summer season on June 14 (DOY 166). In general, energy
partitioning at the subirrigated meadow is dominated by λE due to with the vegetation
cover utilizing easily accessible groundwater. This is the reason that this subirrigated
meadow is harvested annually for livestock forage. The difference between ET and ETo
increases in the fall season with 86 mm and 31 mm of accumulated ET in September and
October, respectively, which are 24% and 45% below the ETo values, respectively
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(Figure 6A). This is an indication of decreasing overall energy and a change in the ratio
of E to T because T decreases with senescence. This is not a lack of precipitation because

Figure 7. Average seasonal energy balance components at the subirrigated meadow, dry valley and upland
dune BREBS locations at the Gudmundsen Sandhills Research Laboratory near Whitman, Nebraska.
(Spring: April-May, Summer: June-August, Fall: September-October).

September received the second highest amount of any month in 2004 with 82 mm total
(Figure 6A). Overall, monthly accumulations indicate that on average this site is
constantly losing water to the atmosphere because ET is less than P for all months during
the spring and fall cool-seasons, as well as the summer warm-season.
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3.2.2 Seasonal Energy Partitioning at the Dry Valley
Monthly accumulated ET at the dry valley site shows a stronger dependence on
precipitation, rather than supplemental groundwater connections, as is assumed at the
subirrigated meadow site (Figure 6B). Soil water is limited through the spring season and
does not recover to field capacity until the end of May or beginning of June (Figure 4).
The dry valley is comprised of a mix of C3 and C4 vegetative species, and C4 species are
relatively physiologically inactive during first cool-season (April and May) where air and
soil temperatures have not yet risen above a critical threshold for development which is
species dependent. Although precipitation decreases from April to May (85 mm to 24
mm), Figure 6B displays the heightened transpiration of the C3 species present when the
ET accumulation doubles during the same time period (30 mm to 64 mm from April to
May) at the dry valley site. The dry valley site does not begin to accumulate ET until after
substantial precipitation has occurred (56 mm between DOY 100 and 113) during April
and air temperatures have risen above 5 oC on average (8.9 oC on average in April). In
spring, 10 Wm-2, (or 0.4 mm day-1 of ET) (roughly 9%) of available energy (107 Wm-2)
in the dry valley is consumed by λE, and H consumes roughly 97 Wm-2, or 91% of
available energy (Figures 7-8).
After summer begins, the difference between accumulated ETo and actual ET
increases as the year progresses. Accumulated ET being greater than P in May and June
could be due to (1) the high transpiration rate of C4 species; (2) high evaporation due to
water held in the soil profile from April and May precipitation; or (3) due to topographic
position of the station (valley bottom), where soil water was replenished by catchment
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Figure 8. 7-day running mean energy balance components (net radiation (Rn), latent heat flux (λE),
sensible heat flux (H), and soil heat flux (G)) from the three BREBS locations for April – October, 2004 at
the subirrigated meadow (a), dry valley (b) and upland dune (c) sites at the Gudmundsen Sand Hills
Laboratory near Whitman, Nebraska, 2004.
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hydrology in the weeks following precipitation events (Figure 4). Beginning the warm,
summer season (June), soil moisture observations reflect a profile at or near field capacity
until the end of the year but one that experiences more drying events when compared to
the subirrigated meadow (Figure 4). Although precipitation increased slightly in June (24
mm in May to 36 mm in June), ET remained constant with the May value (64 mm in
May, 63 mm in June) (Figure 6B). At the peak of summer (July), the C4 species are
thriving. July experienced the highest monthly accumulated precipitation (89 mm) which
resulted in an increase to a maximum monthly accumulation of ET (96 mm) at the dry
valley site, although it was still 34% lower than the ETo value (Figure 6B). Due to the
mix of C3 and C4 species at this site, the high ET value that nearly matches the inputs
from precipitation is an indication that: (1) both photosynthetic pathways (C3 and C4) are
actively transpiring, or (2) a greater portion of water was lost to soil evaporation because
the physiologically active C4 species could not utilize all available water and ET is
limited in C3 species at this time. At this time virtually all water that entered the system
was utilized in either transpiration or was lost through evaporation from the soil. August
experienced a sharp decrease in precipitation compared to July (6 mm and 94 mm,
respectively). As a result, ET at the dry valley also decreased sharply from July to August
(96 mm to 49 mm, respectively) which could be a reaction to the onset of senescence or
decreasing day length. In August, the ET rate was 60% lower than ETo (Figure 6B).
Similar to the subirrigated meadow, the dry valley site recorded the greatest Rn in the
summer season (130 Wm-2) where roughly 45% of available energy (127 Wm-2) is
partitioned to λE (57 Wm-2), or roughly 2.0 mm day-1of ET, and 55% is partitioned to H
(70 Wm-2) (Figures 7-8).
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By September (fall) air temperatures and available energy are limited such that ET
is minimal (8 mm) at the dry valley site even though substantial precipitation (57 mm or
40% more than the climatological normal (HPRCC 2010)) occurred during this month.
This is the second cool-season where the C4 vegetation exhibits limited transpiration and
C3 perennials are preparing for winter dormancy. At this time, minimal ET is taking place
and virtually all precipitation is either replenishing soil moisture or infiltrating the soil
profile to greater depths than were measured, with the potential to recharge groundwater.
By October, precipitation decreased to just 3 mm and ET was negligible. This represents
the end of the fall (cool-season) if not slightly past its ending. The dry valley is a site that
is intermediate in water consumption by way of ET when compared to the subirrigated
meadow and upland dune sites. The presence of both C3 and C4 species allows for
heightened monthly accumulations of ET compared to the upland dune site, although a
greater depth to groundwater limits this site from reaching ET accumulations as high as
the subirrigated meadow. The greatest water losses to the atmosphere at this site occur
during the summer warm-season months when available energy is maximized, the C3
species are still slightly contributing to overall ET accumulation, and C4 species are at
their height of transpirational activity. In the fall, 48% of available energy (62 Wm-2) is
consumed by λE (29 Wm-2 or 1.0 mm day-1 of ET) and 52% is consumed by H (32 Wm-2)
(Figures 7-8). For the entire April – October timespan, the dry valley (BREBS-Valley)
recorded an average ET within the range of another study on C4 vegetation by Christie
(1981) of 1.43 ± 1.6 mm day-1, and a maximum occurring during the summer season on
August 2 (DOY 215).
3.2.3

Seasonal Energy Partitioning at the Upland Dunes
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At the upland dune site, the pattern of ET accumulation is similar to the dry valley
but is reduced by about 25%. The upland dune site produced the least overall annual ET
flux among the three sites with 213 mm (Figure 2; Table 3). The upland dune site is the
most arid of the three sites and exists in a grass stabilized upland sand dune setting. The
abundance of sand in the soil profile limits soil water holding capacity and increases
infiltration. Soil water observations reflect a profile with limited water holding capacity
and dramatic increases in the top 10 cm that coincide with precipitation events (Figure 5).
The vegetative structure at this site is a sparse mix of C4 and CAM species exhibiting
heightened water use efficiency. Although seasonal precipitation events provide water for
ET, high infiltration and low water holding capacity of the soils requires these species to
take advantage of limited soil water in order to maintain longevity. ET in April (10 mm)
and May (28 mm) are much smaller compared to the dry valley site. Because the ET
values for April and May are 90% and 78% below the ETo values, respectively (94 mm
and 125 mm, respectively), this is an indication of even greater water-limitation at the
upland dune site then at the dry valley site. At the upland dune site in the spring, 32 Wm-2
(or 1.1mm day-1 of ET) or 35% of available energy (91 Wm-2) is consumed by λE, while
H consumes roughly 59 Wm-2 or 65% of available energy (Figures 7-8).
As the summer warm-season begins, ET accumulation increases to 40 mm in June
which matches precipitation inputs exactly. This is an indication of the C4 species
becoming more physiologically active and, in turn, transpiring more water. Similar to the
other two sites, a maximum monthly accumulation of ET occurred in July (68 mm), but
this is still 55% below the ETo value (150 mm) (Figure 6C). This is most likely due to the
presence of C4 species that will capitalize on the warm-season energy abundance which is

83

highest in July but are unable to increase ET to the reference level due to (1) heightened
water use efficiency of the species populating the upland dune site, (2) increased stomatal
control that limits water loss to the atmosphere, or (3) a lack of soil moisture to provide
necessary water supply required to meet the potential rate (ETo). Similar to the other two
sites, the upland dune experienced peak Rn during the summer season with 123 Wm-2
where roughly 44 Wm-2 (1.5 mm day-1 of ET) or 38% of available energy (114 Wm-2) is
consumed by λE, and 71 Wm-2 or 62% is consumed by H (Figures 7-8).
During the transition from the summer warm-season to the fall cool-season
(August to September), the decrease in monthly ET accumulation at the upland dune site
(38 mm to 14 mm, respectively) is very near the monthly totals at the dry valley site (49
mm to 8 mm, respectively) (Figure 6C). The September ET accumulation is 89% below
the ETo value (122 mm). The October ET accumulation of 11 mm is 83% below the ETo
value (62 mm). The difference between the reference value and the observations is
highest in the fall cool-season indicating that this site is most water limited due to (1)
sandy soils that allow for a greater fraction of precipitation to pass through the root zone
without being lost as evaporation or used in transpiration, or (2) topographic
characteristics that influence drainage properties such that precipitation is quickly
dispersed and not captured by vegetation. This indicates that the greatest monthly water
losses from the upland areas are during the height of the summer warm-season when the
C4 vegetation is most physiologically active. The spring and fall cool-seasons constitute
the months with the greatest water savings because, although substantial precipitation
occurred during these months at this site, the vegetation was not active and soil properties
allowed for greater infiltration causing less water to be lost to the atmosphere and more
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water to potentially recharge groundwater below. In the fall, 12 Wm-2 (0.4mm day-1 of
ET) or 21% of available energy (59 Wm-2) is consumed by λE, and 46 Wm-2 (or 79%) is
consumed by H (Figures 7-8). For the entire April – October timespan, the BREBSUpland recorded an average ET of 1.0 ± 0.9 mm day-1 with the maximum occurring
during the summer season (3.5 mm day-1) on July 14 (DOY 196).
3.3

Average Diel Cycles of Energy Partitioning during 2004 from April through
October
The average diel cycles at the three different study sites reveal distinct differences

in how net radiation (Rn) is partitioned between latent heat flux (λE), sensible heat flux
(H), and soil heat flux (G) over these different land cover types. At all sites, Rn, H, λE and
G are negative during the night and early morning (20:00 – 07:30h). This means that,
overall; energy is being lost from the surface to the atmosphere during this time, the
surface is heating the air, atmospheric water vapor is condensing rather than evaporating
(Figure 9). Around 8:00h (CST) all energy components become positive at all sites and
Rn maximizes at 13:00 h (CST) ranging from 417 - 446 Wm-2.
3.3.1 Diel Cycles at the Subirrigated Meadow
Figure 9A displays the average diel cycle of energy partitioning between April 1
(DOY 92) and October 31 (DOY 305) at the subirrigated meadow site. The dominant
component of energy consumption is λE with a maximum value of 322 Wm-2. This
occurs coincident with the peak of Rn. λE is the primary consumer at this site because
available soil water is plentiful due to the assumed close proximity of groundwater and
high water holding capacity of the soils which retain precipitation longer than the other
two sites (Figure 3). These features allow vegetation to transpire longer as water is not
limited, and λE requires a large amount of energy. When the sun rises, total water
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Figure 9. Average diel cycle (from April 1 – October 31, 2004) of net radiation (Rn), latent heat flux (λE),
sensible heat flux (H), and soil heat flux (G) at the subirrigated meadow (a), dry valley (b) and upland dune
(c) sites at the Gudmundsen Sand Hills Laboratory near Whitman, Nebraska, 2004. Times provided are in
CST.
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potential within the vegetation is as close to equilibrium with soil moisture content then
at any other time of the day (Tiaz and Zeiger 1998). Over the course of the day in the
subirrigated meadow, λE consumes roughly 76% of available energy (Rn – G). The
second greatest consumer of daily energy at the subirrigated meadow site is H with a
maximum of 109 Wm-2, consuming 22% of available energy (Figure 9).Since the
majority of the surface is covered with vegetation, G is only positive (indicating energy
flowing into the soil) in the afternoon and evening (13:00 – 21:00) and is quite minimal at
this site (maximum of 18 Wm-2) on a diel basis. The subirrigated meadow will therefore
partition almost all energy to evapotranspirational demand, and this site will act as a
constant source of atmospheric moisture throughout the day as long as net radiation is
positive.
3.3.2 Diel Cycles at the Dry Valley
At the dry valley site, the two primary consumers of available energy are λE and
H, which are nearly the same (maximums of 266 and 233 Wm-2, respectively) throughout
an average day from April through October (Figure 9B). Both of these components
consume roughly 48% of the total available energy (Rn – G). This is an indication that
water is more limited than at the subirrigated meadow site (Figure 4) and that H plays a
larger role in the energy budget as net radiation increases during the day. This site has
less vegetative cover than the subirrigated meadow site but G remains similar with a
maximum of only 22 Wm-2 indicating that both sites have relatively high Leaf Area
Indices. The fact that λE is smaller on a diel basis compared to the subirrigated meadow
is also indicative of the vegetative community’s dominant photosynthetic pathway (C4).
By utilizing the C4 pathway, the vegetation has heightened water use efficiency and
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therefore requires less water to assimilate the same amount of CO2. As the sun rises and
net radiation increases, vegetation should begin to transpire. Our results show that the
amount of energy consumed in λE and H are roughly equal which is an indication that (1)
a water limitation exists, and/or (2) that the C4 species do not require the same quantity of
water to sustain growth and development during the April – October growing season.
3.3.3 Diel Cycles at the Upland Dunes
Water limitation is greatest among the three study areas at the upland dune site.
Because of this, H is the primary consumer of available energy (236 Wm-2; roughly54%
of all available energy) and λE is only the second greatest consumer (142 Wm-2; roughly
28% of all available energy) during an average day from April through October (Figure
9C). Some soil water is present or λE would not consume as much energy as it does
(Figure 5). Due to the sparse vegetation cover of this site, G is highest here (93 Wm-2;
18% of all available energy). Abundant exposed soil allows for greater soil heat flux and
because this is common in the upland dunes, G consumes more energy at that site, at the
expense of H and λE, throughout the day. Throughout the growing season this land cover
is the windiest, hottest, and has the lowest humidity (Table 3). Thus, due to sparse
vegetation, the abundantly exposed sandy soils have the capability to gain/release large
amounts of energy on a diel basis.
3.4

Details of potential problems with instrumentation and BREBS
configuration.
Attempting to estimate the Bowen ratio in semi-arid regions is difficult due to the

potential for very small temperature and vapor pressure gradients. The BREBS utilized in
this study utilize a suite of instrumentation that requires attention in overall bias
estimation. Table 2 outlines details of each instrument although a few issues require
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attention. First, the temperature / relative humidity sensors are not mounted on
interchangeable arms. This could be problematic if a systematic error is present in either
of the two sensors. Also, these sensors were calibrated just once per year which leaves
time for a bias to be established and built into the data prior to the proceeding year's
calibration. Therefore, we recommend that future studies utilizing the Bowen ratio
implement interchanging arms as well as a greater temporal frequency of calibration.
Furthermore, the sensors were naturally ventilated versus being aspirated. This could
potentially be problematic if one sensor is shaded or if the radiation shield is heated by
incident solar radiation (Gill 1983). Problems can occur with this configuration because
the highest sensor will be more ventilated, compared to the lowest sensor, according to
the logarithmic wind profile curve. If the sensors are not mounted facing the same
direction the potential for shading and/or discrepancies between the data measured could
exist. Temperature measurements from non-aspirated sensors can have a bias of up to
0.2oC and 0.1oC for wind speeds of 0.1 and 1 ms-1, respectively (Tanner 1979). If there is
a positive bias in the lower sensor on the BREBS system, this will increase the
temperature gradient (dT) and reduce the Bowen ratio. The reduction of the Bowen ration
would then reduce LE estimates and would cause this approach to underestimate ET. To
solve this problem, interchangeable arms would alleviate the need for bias correction.
Second, soil heat flux is measured using soil heat flux plates buried at depths of
0.03 and 0.05 m. Difficulties in maintaining operation of these plates required us to
utilize the best possible data available. This was either (a) data from one of the plates
because the other was not functioning, or (b) an average of the two different sensors.
Because soil temperature was not measured in the soil above the soil, the heat flux
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estimate could potentially be inaccurate, which has compounding effects on the overall
energy balance because of its inclusion in the calculation of overall available energy (Rn
– G). Failure to account for the change in heat storage in this thin soil layer can lead to
significant errors. Mayocchi and Bristow (1995) found that errors as large as 80 Wm-2
can occur if heat storage is ignored. Although, Massman (1992; 1993) found that the
standard calorimetric correction for missing heat storage data may also have an error of +
3-10% itself.
Third, net radiation is one of the most important parameters involved in energy
balance studies. Here we use a Kipp and Zonen NRLite Net Radiometer which has the
potential for error in tilting (off-level) as well as placement of the sensor over vegetation
that is not representative of the environment that it is intended to measure. The BREBS
stations are protected with four metal cattle-guards to prevent livestock from damaging
the instruments and disrupting the area around the instruments. Because of this there is a
potential for error in that the vegetation within the enclosure could be of different height,
roughness, and health than the surrounding landscape. For example, when the
subirrigated meadow is harvested, the vegetation within the BREBS enclosure remains
uncut. This introduces a potential for error in that the surrounding vegetation has been
altered while the net radiation measurements remain constant. Contaminants such as dirt
or fecal matter from avian species can alter measurements entirely if the sensor is totally
covered. If the lens of the net radiometer is dirty, shortwave radiation receipt is reduced
although it could absorb energy and release it as longwave radiation. The uncertainty of
net radiation measurements, here, are not substantial enough to discredit the comparisons
in this study. Overall, net radiation estimations by both the BREBS and METRIC were
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similar and resulting biases are most likely minimal. Furthermore, the measurements
from the three different net radiometers are similar enough to provide us with confidence
that the estimates are accurate even thought they were not calibrated against a higher
precision radiometer like a Campbell Scientific CNR1. In analyzing the individual sites,
net radiation from the subirrigated meadow is highest due to the abundance of water and
vegetative canopy at the surface which has a lower albedo (more energy is absorbed).
This cool surface temperature reduces emitted longwave radiation and, thus, with the
combination of lower albedo and sensible heating from the atmosphere (increasing
incoming longwave radiation), net radiation is increased. The upland site, for instance,
exhibits a much higher surface temperature and loses much more energy to the
atmosphere as emitted longwave radiation as well as reflected shortwave radiation
because of a higher albedo.
Issues with wind speed and direction measurements could be present because
sometimes bearings within the instrument housing lose their lubrication and friction
increases when fine particulate gets inside. This could alter the mechanisms which allow
the cups to spin on the anemometer. A similar problem could occur with the wind vane.
Lastly, there is a potential for error in precipitation measurements due to undercatch by the tipping bucket. Due to relatively high winds, this issue could be problematic.
Also avian species like to build nests within the funnel of the tipping bucket, while
spiders like to build webs around the tipping mechanism which can impede its ability to
tip and record a measurement. Thus, instrumentation of all kinds require diligent
maintenance and constant monitoring to ensure the best possible data collection at any
site.
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4.0

CONCLUSIONS
This research has uncovered a number of details about how energy is partitioned

throughout the three study area ecosystems. Land cover type and microclimatic
differences have profound influences on the manner in which the surface of the earth
interacts with incident energy. We have investigated a series of three land cover types
with varying water limitations and vegetative structures. Both are important features to
consider in analyzing energy partitioning of the earth’s surface because plant-water
relationships are integral to this process. At the semiarid GSRL we find microclimates (or
ecosystems), ranging from subirrigated meadows, to dry valleys, to dunal uplands. This
study has examined how each of these different locations partitions energy on annual,
monthly and diel timescales. The following is a list of the major findings of this research:
Annual Energy Partitioning
-

Annual accumulated precipitation was slightly less (399 mm) than the 30-year
normal of 510 mm, indicating a slightly dry year.

-

Annually, the three sites partitioned different portions of available energy to
ET. Accumulated evapotranspiration at the subirrigated meadow site was the
highest (763 mm), the dry valley site was the next highest (276 mm), and the
upland dune site was the lowest (213 mm).

-

At the subirrigated meadow site, total accumulated evapotranspiration far
surpassed precipitation (763 mm vs. 399 mm, respectively). The subirrigated
meadow is the only site where overall accumulated ET was greater than P,
which is an indication of minimal soil water limitation and vegetation that
capitalizes on inputs of soil moisture from all levels of the soil profile. This
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finding aligns with Gosselin et al. (2006) who established that the subirrigated
meadow is an area that receives extra soil water inputs from the flanking
dunes.
-

The subirrigated meadow and dry valley sites are virtually identical in RH,
VPD, and U suggesting that the differences in energy partitioning between
those two sites is related to the average depth to groundwater and different
vegetative communities at each site exhibiting different water use efficiencies,
rather than strictly meteorological variables.

-

The upland dune site is an upland site which is windier (roughly 1 ms-1),
hotter (roughly 1 oC), and less humid (here, roughly 12%) on average over the
entire year.

Seasonal Energy Partitioning
-

At the subirrigated meadow site, ET was greater than P in all months of the
growing season (April – October). The peak monthly accumulation occurred
in July with 136 mm, but all months from May – August experienced ET
accumulations at this site above 100 mm.

-

From spring – fall the average percentage of energy partitioned to λE at the
subirrigated meadow, dry valley and upland dune sites are 84%, 45%, and
31%. The percentage of energy partitioned to H from spring - fall at the
subirrigated meadow, dry valley and upland dune sites are 16%, 51%, and
69% of available energy.

-

For all sites, the greatest seasonal λE occurred during the summer although in
different amounts. The subirrigated meadow, dry valley and upland dune
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partitioned roughly 87%, 52%, and 32% of available energy during the
summer to λE, respectively.
-

Sensible heat flux (H) was highest in the spring, followed by summer, then
fall for the subirrigated meadow site although it remained below 25 Wm-2 in
all seasons.

-

Soil heat flux is minimal at each site (averaging less than 10 Wm-2 in all
seasons) and the only season where it is negative on average (energy is
flowing into the soil surface) is in the fall when air temperatures are lowest
among the seasons.

-

The dry valley site experienced more ET than P from May - July which
coincides with the height of the warm season C4 species photosynthetic
activity. This also could be due to the topographic position of the station being
at the lowest point in the valley. During May and June, this location may be
utilizing soil water from high April precipitation that could have recharged
soil water throughout the valley, through local hydrogeological connections.
In July, the peak season for C4 photosynthesis, monthly ET and P reach a
maximum (96 mm vs. 93 mm, respectively) at this site. The highest
precipitation of the year was recorded in July although the dry valley site did
not accumulate as much ET as the subirrigated meadow site during the same
time period. This could be due to high temperatures and increased water use
efficiency of the C4 species at the dry valley site. Toward the end of the warm
season (August-September) ET accumulations decrease substantially at the
dry valley site indicating senescence of the C4 species.
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-

The upland dune site shows the least overall ET of the three sites during all
months. This is most likely due to the absence of C3 and the inclusion of CAM
species. ET accumulation is very minimal until May and June. At this
location, ET is only greater than P once (August). This is most likely due to
high July precipitation that allowed ample soil water recharge which sustained
ET greater than P for this month. Even though precipitation is high in
September the warm season is ending and ET accumulation is low because the
C4 and CAM species are near dormancy.

-

In terms of diel differences in energy partitioning over the growing season
(April – October): the subirrigated meadow’s largest consumer of energy is λE
(84%) due to the lowest water limitation. At the dry valley, consumption of
energy was partitioned in almost equal fractions to λE and H (45% and 51%,
respectively). The upland dune’s largest consumer of energy is H (69%) due
to extreme water limitation. The only site where G was significant was at the
upland dune site due to sparse vegetation and a greater fraction of exposed
soil.

-

For the entire growing season (April – October) the subirrigated meadow, dry
valley, and upland dune sites exhibited average ET rates of 3.0 ± 1.7 mm
day-1, 1.6 ± 1.3 mm day-1, and 1.0 ± 0.9 mm day -1, respectively.

This analysis is intended to represent a detailed picture of the annual (JanuaryDecember), seasonal (spring, summer, fall), and diel cycles of energy partitioning
between three of the five major land cover types in the semi-arid Sand Hills region of
Nebraska. Using these data, we can now begin to investigate regional water cycling to
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gain a better possible understanding of this region’s hydrologic organization. Future
research on this subject could include more study sites with similar land cover
characteristics although close attention will need to be paid to soil moisture available to
vegetation present and/or groundwater depth, as we have shown that this as one of the
critical aspects to the organization of hydrology, vegetative structure, and resulting
energy partitioning. Crop models that simulate growth and water consumption by
different species present in the Sand Hills, such as prairie grasses, could potentially
benefit from the estimates of ET outlined in this research. Future estimates of
groundwater recharge may also benefit from this research as it provides an initial
estimate of water consumed by vegetation (ET) which is commonly difficult to accurately
determine by other, less direct means.
Disclaimer: Mention of any trademark, vendor, commercial product, process, or service
by trade name, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement. Any discussion of instrumentation is intended for informational purposes
about this study only.
5.0
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CHAPTER 4: COMPARISON OF REMOTE SENSING TECHNIQUES TO
DETERMINE THE INFLUENCE OF TOPOGRAPHY ON
EVAPOTRANSPIRATION ESTIMATION FROM SUBIRRIGATED
MEADOWS, DRY VALLEYS AND UPLAND DUNES IN THE SEMI-ARID
SAND HILLS OF NEBRASKA, USA
ABSTRACT
The Sand Hills of Nebraska is a region unlike any other in North America. It is the largest
system of grass-stabilized sand dunes covering roughly 58,000 km2 and contains five
major land cover types: (1) lakes, (2) ~5 % wetlands (with lakes), (3) ~10% subirrigated
meadows (water table is within ~1 m of surface), (4) ~20% dry valleys (water table is 110 m below surface), and (5) ~65% upland dunes (water table is more than 10 m below
surface). Vegetative cover and soil properties ultimately influence energy partitioning at
the earth’s surface in many ways. By employing two different surface energy balance
models (Mapping Evapotranspiration at High Resolution with Internal Calibration
(METRICTM – Flat Model & METRICTM – Mountain Model)) we establish a new
understanding of how topography influences hydrology in the Sand Hills region. From
our study we find that, although results were very similar, the METRIC Mountain Model
is better suited to estimate surface energy partitioning of different land cover types the
Nebraska Sand Hills region. Root mean square errors (RMSE) of the Flat (METRICFLT)
and two Mountain Models (METRICMTN30 and METRICMTN15) in the subirrigated
meadow were 0.74 mm, 0.67 mm and 0.77 mm, respectively; in the dry valley were
0.83mm, 0.81mm, and 0.96 respectively; and in the upland dune were 0.69mm, 0.65mm
and 0.77mm, respectively. Since the RMSE of METRICMTN30 was lowest compared to
the other two models we recommend this model for spatial analyses of ET in the
Nebraska Sand Hills.
1.0

INTRODUCTION
The Sand Hills of Nebraska is a region unlike any other in North America. It is

the largest system of grass-stabilized sand dunes covering roughly 58,000 km2 and
contains five major land cover types: (1) lakes, (2) ~5 % wetlands (with lakes), (3) ~10%
subirrigated meadows (water table is within ~1 m of surface), (4) ~20% dry valleys
(water table is 1-10 m below surface), and (5) ~65% upland dunes (water table is more
than 10 m below surface). According to Gosselin et al. (1994; 1999) regional
geomorphology in the Sand Hills can vary widely over short distances and the resulting
influences on the organization of hydrologic connectivity lead to differences vegetative
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structure (Sridhar et al. 2005). Vegetative cover and soil properties ultimately influence
energy partitioning at the earth’s surface in many ways via differences in albedo, water
holding capacity, and aerodynamic roughness to name a few. The ability to detect energy
partitioning with satellite remote sensing technology, and the practicality of using this
technique in hydrologic assessment, has been reviewed extensively by Kustas and
Norman (1996), Bastiaanssen et al. (2000), Schmugge et al. (2002), and Courault et al.
(2005). Partitioning of net radiation (Rn) is divided into three major categories: (1)
ground/soil heat flux (sometimes simply referred to as storage; G), (2) sensible heat flux
(H), and (3) latent heat flux (LE, λE, or ET). The classic energy balance equation is:

Rn = H + G + LE

(1)

Latent heat flux is water lost by way of transpiration through vegetation (T), and
evaporation from the land surface (E), collectively known as evapotranspiration (ET). In
this study we employ both remote sensing estimates and in-situ observations of energy
partitioning in the semi-arid Sand Hills of Nebraska to analyze ET from three different
land cover types. The objective of this study is to determine the most appropriate
approach for utilizing remote sensing technology in the assessment of energy partitioning
for our study area. In addressing this objective we explore the following research
question: What role does topography play in the organization of ET in the Sand Hills of
Nebraska and how do different techniques of utilizing remote sensing data influence our
understanding of the surface energy balance in a semi-arid region?
Satellite remote sensing technology focuses on the use of upwelling
electromagnetic radiation from the earth’s surface. By analyzing reflected and emitted
energy in the Sand Hills, we have the opportunity to establish a new understanding of
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surface energy fluxes in relation to hydrology. Different methods of using remote sensing
data involve both physical and empirical relationships. Based on Courault et al. (2005),
we acknowledge the following general model categories: (1) Empirical direct methods
(2) Residual methods (3) Deterministic methods, (4) Inference methods.
Semi-Empirical Direct Methods
Semi-Empirical direct methods have often relied on basic daily net radiation (Rn)
and thermal infrared (TIR) data to extract measurements of surface temperature (Ts).
Thermal infrared data can be obtained from a variety of sources including satellites for
global scale applications and ground radio thermometers for local scale applications.
From this information, the near surface temperature difference (Ts – Ta) can be
estimated, which is related to ET and crop water use (eq. 2) (Courault et al. 2005).

ET = Rn + A − B(Ts − Ta)

(2)

Rn is net radiation (W m-2), Ts is surface temperature (oK), Ta is air temperature (oK), and
A and B being constant depending on the local situation. This method is dependent on a
few major assumptions: (1) that the H/Rn ratio is constant throughout the day, and (2)
that soil heat flux (or change in stored heat) is negligible throughout the day. In order to
accurately estimate ET from this approach, surface emissivity effects and atmospheric
corrections are required.
Deterministic Methods
Deterministic models utilize remote sensing data as input parameters that describe
surficial properties or in assimilation techniques to derive parameters that are essential for
ET estimations (Courault et al. 2005). This approach focuses on (1) forcing models with
remote sensing data (primarily TIR), or (2) integrating modeled interaction between soils,
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vegetation and the atmosphere through data assimilation procedures. Utilizing remote
sensing data in deterministic models can be handled as follows: (1) direct model forcing
with remote sensing data, (2) adjusting input parameters as remote sensing data becomes
obtainable (referred to as sequential assimilation), or (3) adjusting input parameters using
datasets that envelope a temporal range of days/weeks (referred to as variational
assimilation). A few examples of the deterministic method for estimating ET include the
Soil–Vegetation–Atmosphere Transfer (SVAT) model (Boulet et al. 2000), and the Soil–
Water–Atmosphere–Plant (SWAP) model (van Dam and Feddes 2000). Vegetation
fraction, leaf area index (LAI), albedo (α), and emissivity (ε) constitute the main
parameters extracted from remote sensing measurements for use in these models. The
benefit of SVAT and SWAP is in description of crop function which is essential to
accurate estimates of ET. One drawback of these models is the need to process imagery
as close to real-time as possible. The coarse spatial resolution of imagery obtained at such
high temporal resolution (example: MODIS, 8-day temporal resolution, 1 km spatial
resolution), high technological requirements of computing power, and costs associated
with acquiring satellite data can make these models unappealing or unfeasible.
Inference Methods
When estimating ET using meteorological data, one classic methods is the use of
a reference ET (ETr) value that is reduced by a factor dependent upon vegetation type (a
crop coefficient (Kc), or the Priestley-Taylor factor (α)). Although this approach is
simplistic, the final estimate of ET will be different for each vegetation type because the
Kc or α will vary from species to species. Physiological condition of the vegetation will
also dictate the Kc or α value due to the level of water stress that may be present. Carlson
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et al. (1995) and Moran et al. (1994) found that a relationship exists between surface
temperature and some physiologically based indices, such as the Normalized Difference
Vegetation Index (NDVI) (eq. 3).

NDVI =

ρ 4 − ρ3
ρ 4 + ρ3

(3)

where ρ4 is the reflectance in the near infrared (NIR: 0.7 – 1.1µm) and ρ3 is the
reflectance in the red region (0.55 - 0.68 µm) of the electromagnetic spectrum.
Physiologically active vegetation absorbs red and blue energy while reflecting NIR.
When vegetative cover increases (decreases), NDVI increases (decreases), more (less)
biomass is present, and is associated with lower (higher) surface temperatures, and
greater (less) transpirational demand. With monthly values of NDVI, total precipitation,
and ET Szilagyi et al. (1998) found a good relationship between NDVI and ET. Seevers
and Ottmann (1994) found that NDVI can be used to identify Kc values in ET estimations
from vegetation without water limitation (i.e. irrigated).
Residual Methods
The progression of surface energy balance models that utilize the residual method
began with Menenti and Choudhury (1993) analyzing contrasts between predominantly
wet and dry areas. Surface energy balance partitioning can be estimated using remote
sensing image processing models that compute snap-shots, or instantaneous estimations,
of ET as a residual of the classic energy budget:

Rn − H − G − λE = 0

(4)

where λE is the latent heat flux (W m-2), or ET; Rn is net radiation (Wm-2); H is the
sensible heat flux (W m-2); and G is the soil heat flux (Wm-2). This method of estimating
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ET stems from the concept of the evaporative fraction (EF, or fraction of reference ET,
ETrF). Su (2002) later developed a method called the Surface Energy Balance System
(SEBS) by which the evaporative fraction and atmospheric turbulence are estimated
using satellite observations and meteorological data. Roerink et al. (2000) then created
the Simplified Surface Energy Balance Index (S-SEBI) which is entirely reflectancebased. In this model, reflectance values determine the daily maximum and minimum
temperatures for dry and wet conditions, respectively. This approach differs from other
residual models in that it does not require ancillary meteorological data and the fact that
“dry” and “wet” conditions, and/or different land cover types, are not anchored to
particular temperatures. Bastiaanssen et al. (1998a; 1998b) created the Surface Energy
Balance Algorithm for Land (SEBAL) and later Allen et al. (2007a; 2007b) created the
model Measuring Evapotranspiration at high Resolution using Internal Calibration
(METRICTM), which are also models that utilize the residual of the energy balance to
estimate ET. Both of these approaches employ satellite data and meteorological data to
calculate the residual of the energy balance for every pixel in an image. SEBAL “(1)
estimates the spatial variation of most essential hydrometeorological parameters
empirically, (2) requires only field information on shortwave atmospheric transmittance,
surface temperature and vegetation height, (3) does not involve numerical simulation
models, (4) calculates the fluxes independently from land cover and (5) can handle
thermal infrared images at resolutions between a few meters to a few kilometers”
(Bastiaanssen et al. 1998a). The fundamental difference between SEBAL and
METRICTM is that SEBAL does not require ancillary meteorological data, while
METRICTM does in order to calculate reference ET (ETr) (Allen et al. 2007a). In this

105

study we employ the METRICTM model in the Sand Hills of Nebraska due to the ability
to utilize readily available meteorological data and Landsat imagery that contains a high
spatial resolution (30m x 30m pixels). We have also selected to analyze this model
because it contains physiologically based internal calibration, does not require a large
amount computing power for data assimilation, and does not rely solely on empirical
relationships.
Here, our objective is to analyze a comparison of two variations of a remote
sensing image processing technique (METRICTM) for estimating the surface energy
balance. One approach assumes a flat surface, while a second attempts to extend some of
the algorithms to account for steep terrain and topographic characteristics that effect
surface energy partitioning. From this analysis we will demonstrate a new understanding
of how combining in-situ observations and remote sensing data can most effectively be
employed in the Sand Hills of Nebraska.
2.0

MATERIALS AND METHODS

2.1

Study Site Characteristics
This study was conducted for collaboration with ongoing research at the

Gudmundsen Sand Hills Research Laboratory (GSRL) located near Whitman, Nebraska
(Latitude: 42.06°N, Longitude: 101.52°W, Elevation: 1,098 m above sea level) (Figure
1). This site also serves as a cattle ranch and is seasonally harvested for hay production.
The GSRL contains three of the five major land cover types: an interdunal subirrigated
meadow (subirrigated meadow/emergent wetland), a dry valley (lowland tallgrass prairie)
and an upland grass-stabilized dune (upland Sandhills prairie). Here, a system of three
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meteorological Bowen ratio energy balance system (BREBS) configurations was
established in 2002 and 2003. The BREBS stations at these sites will be referred to as
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Figure 1. Boundary of the Nebraska Sand Hills and details about the Gudmundsen Sand Hills Laboratory
land cover types with weather station locations. The Bowen ratio energy balance systems (BREBS) are
located in three of the five major land cover types in the Sandhills region (subirrigated meadow-dark
green; lowland tallgrass prairie-orange; Sandhills upland prairie-white. Source: Henebry et al 2008)

BREBS-Meadow, BREBS-Valley, and BREBS-Upland for the subirrigated meadow, dry
valley and upland dune sites, respectively. In order to independently calibrate the
METRICTM model, we employ data from a fourth on-site weather station (High Plains
Regional Climate Center (HPRCC) - Automated Weather Data Network (AWDN)
station: Gudmundsen RSRCH, station ID: a253479). This data was analyzed for quality
assurance of input variables (Appendix A). Pictures of each BREBS site are depicted in
Figures 2-4, instrumentation specifications are presented in Table 1, landscape

107

characteristics at each site are presented in Table 2, and a vegetation species list for the
subirrigated meadow and upland dune sites is presented in Table 3.
The GSRL is situated within a unique region of grass-stabilized sand dunes that
display topographic relief undulations ranging from a few meters up to 122 m although
the predominant orientation of the dune formations in the Sand Hills is east-west. The
subirrigated meadow and dry valley at the GSRL have neighboring dunes rising roughly
70 m and 40 m above the meadow and valley floors, respectively. The subirrigated
meadow (BREBS-Meadow Latitude: 42.08°N, Longitude: 101.47°W; Elevation: 1,087 m
above sea level; Dimensions: 6.5 km long and 800 m wide; Slope: 1.1o) is noted by
Gosselin et al. (2006) as an area of groundwater discharge, contains the Gannett-Loup
fine sandy loam soil texture (SSURGO 2011; Table 4), and is comprised of a mixture of
C3 and C4 vegetative species including various grasses and alfalfa (Medicago sativa).
This study site is dominated by grassland vegetation yet is similar to a wetland due to
abundant soil water and standing water on top of the soil surface at times. The distance
and direction to the base of the nearest dune formation are 330 m and 0o, respectively
(Table 2). The distance and direction to the crest of the nearest dune formation are 1km
and 290o, respectively (Table 2). Soil moisture and precipitation for the subirrigated
meadow are presented in Figure 5. The dry valley (BREBS-Valley Latitude: 42.07°N,
Longitude: 101.41°W; Elevation: 1,081 m above sea level; Dimensions: roughly 4 km
long and about 600 m wide; Slope: 0o) is a groundwater “flow through” area with a
relatively dry valley surface, exhibits the Elsmere loamy fine sand soil texture (SSURGO
2011; Table 4), and contains a greater mix of C4 than C3 bunch grasses. This BREBSValley is located near the lowest location within the valley where a small ephemeral
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Figure 2. Pictures of the subirrigated meadow BREBS and vegetation (Kentucky bluegrass – Poa pretensis
pictured on right)

Figure 3. Pictures of the dry valley BREBS (middle left) and vegetation (Prairie sandreed – Calamvilfa
longifolia pictured on right)

Figure 4. Pictures of the upland dune BREBS and vegetation (Yucca –Yucca glauca pictured on right).
Note the large fraction of exposed sand.
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Table 1. Instrumentation specifications for the BREBS systems at the Gudmundsen Sand Hills Research
Laboratory near Whitman, Nebraska.
Instrument
Type

Make/Model

Quantity

Height of
Sensor
(m)

Platinum
resistance
thermometer

Vaisala Humitter
50-Y

2

1.9 and
3.3

o

C

± 0.6 oC

Capacitive RH
sensor

Vaisala Humitter
50-Y

2

1.9 and
3.3

%

±4%

Cup
anemometer

MET-One model
014A

2

1.9 and
3.3

m s-1

± 0.11 m s-1

Wind Direction

Wind vane

Met-One 024

1

3.3

degrees

± 5o

Atmospheric Pressure

Pressure
transducer

Vaisala PT105B

1

1.9

mbar

± 0.3 at +20
°C

Precipitation

Tipping bucket

Texas
Instruments
TE525

1

1

mm

± 10 mm
hour-1

Incoming/reflected/emitted
shortwave/longwave radiation

Net Radiometer

Kipp & Zonen
NR-lite

1

2.2

W m-2

± 30 W m-2

Soil Heat Flux

Thermopile
gradient

REBS HFT3

2

W m-2

± 5%

Soil Moisture

Probe

Delta-T ML-2
theta

2

m3 m-3

± 0.05 m3
m-3

Incoming shortwave radiation

Thermopile

LiCor LI-200

1

2.2

W m-2

± 5%

Photosynthetically active
radiation

Thermopile

LiCor LI-190
PAR

1

2.2

μmol s-1
m-2

± 1.7%

Variable

Temperature

Relative Humidity

Wind Speed

0.03-0.05
(below
surface)
0.10,
0.25,
0.50, 1
(below
surface)

Units

Accuracy

Table 2. Site specific information for each of the BREBS systems at the Gudmundsen Sand Hills Research
Laboratory near Whitman, Nebraska.
BREBS

WM
EV
GU

Latitude

Longitude

Deg Min
Sec
42º 04’ 43”
N
42º 04’ 10”
N
42º 03’ 58”
N

Deg Min
Sec
-101º 28’
00” W
-101º 24’
27” W
-101º 22’
02” W

Elevation

Slope

Distance
to Base

Direction
to Base

Distance
to Crest

Direction
to Crest

m

degrees

m

degrees

m

degrees

1087

1.1

330

0

1000

290

1081

0

400

175

1200

200

1086

5.6

200

270

600

125

pond/wetland emerges slightly (~300 m) to the east. The distance and direction to the
crest of the nearest dune formation are 1.2 km and 200o respectively (Table 2). The
distance and direction to the base of the nearest dune formation are 400 m and 175o,
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respectively (Table 2). The Soil moisture and precipitation information for the dry valley
site are presented in Figure 6. Lastly, the upland dune (BREBS-Upland Latitude:
42.06°N, Longitude: 101.37°W; Elevation: 1,086 m above sea level; Slope: 5.6o) areas
primarily disconnected from groundwater, exhibit the Valentine fine sand soil texture
(SSURGO 2011; Table 4), and support a sparsely distributed community of mostly
Table 3. Species lists of the subirrigated meadow and upland dune sites at the Gudmundsen Sandhills
Laboratory surveyed in the summer of 2010 (Awada and Milby, 2010).
Subirrigated Meadow Species
Warm-season Grasses

Forbs

Big Bluestem

Andropogon gerardii

Sweetclover

Switchgrass

Panicum virgatum

Dandelion

Indiangrass
Prairie Cordgrass

Sorghastrum nutans
Spartina pectinata

White Clover
Red Clover
Alfalfa
Black Medic
Goldenrod

Melilotus
officinalis
Taraxacum
officinale
Trifolium repens
Trifolim pratense
Medicago sativa
Medicago lupulina
Solidago sp

Sunflower

Helianthus sp

Cool-season Grasses
Redtop Bent
Creeping foxtail

Agrostis stolonifera
Alopecurus
arundinaceus

Meadow Brome

Bromus biebersteinii

Pussytoes

Smooth Brome

Bromus inermis

Yarrow

Bluejoint reedgrass

Calamagrostis
canadensis

Swamp milkweed

Orchardgrass

Dactylis glomerata

Wild licorice

Canada wldrye

Elymus canadensis

Roundhead
lespedeza

Virginia wldrye
Slender wheatgrass
Western wheatgrass
Fowl mannagrass
Foxtail barley
Scribner panicum
Reed Canarygrss
Timothy
Kentucky bluegrass
Little barley
Wedge grass

Elymus virginicus
Elymus trachycaulus
Elymus smithii
Glyceria striata
Hordeum jubatum
Panicum oligosanthes
Phalaris arundinacea
Phleum pretense
Poa pratensis
Hordeum pusillum
Spenopholis obtusata

Grass-like Plants
Sedges
Rushes
-Eleocharis
- Juncus
-Schoenoplectus
-Scirpus

Antennaria
neglecta
Achillea
millefolium
Asclepias
incarnata
Glycyrrhiza
lepidota
Lespedeza
capitata
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Gudmundsen Upland Species
Cool-season
Porcupine grass

Hesperostipa spartea

Western Wheatgrass
Cool-season
Prairie Junegrass
Kentucky Bluegrass
Canada Bluegrass

Elymus smithii

Downy Brome

Bromus tectorum

Scribner Panicum

Koeleria macrantha
Poa pratensis
Poa compressa

Panicum oligosanthes

Wilcox Panicum

Panicum wilcoxianum

Sixweeks Fescue

Vulpia octoflora

Warm-Season

Forbs
Purple
Prairieclover
Silky Prairieclover
Forbs
White Prairieclover
Gayfeather
Stiff Sunflower
Missouri
Goldenrod

Andropogon hallii

Sand Dropseed

Sporobolus cryptandrus

Sandbur

Cenchrus longispinus

Sand Paspalum
Sandhills muhly

Paspalum setaceum
Muhlenbergia pungens

Sand Lovegrass

Eragrostis trichodes

Blue Grama
Hairy Grama
Little Bluestem
Needleandthread
Prairie Sandreed
Switchgrass
Western Ragweed

Bouteloua gracilis
Bouteloua hirsuta
Schizachyrium scoparium
Hesperostipa comata
Calomovilfa longifolia
Panicum virgatum
Ambrosia psilostachya

Dalea villosa
Dalea candida
Liatris sp
Helianthus pauciflorus
Solidago
missouriensis

Pucoon/Gromwell

Lithospermum sp

Lemon Scurfpea

Psoralidium
lanceolatum

Clammy
Groundcherry
Prairie Coneflower
Spiderwort

Sand Bluestem

Dalea purpurea

Curlycup
Gumweed
Tenpetal Mentzelia
Fourpoint
Eveningprimrose
Texas Croton
Horseweed
Rocky Mountain
Beeplant
Plains Sunflower

Physalis heterophylla
Ratibida columnifera
Tradescantia
bracteata
Grindelia squarrosa
Mentzelia decapetala
Oenothera
rhombipetala
Croton texensis
Conyza Canadensis
Cleome serrulata
Helianthus petiolaris

Shrubs/Succulents
Leadplant
Amorpha canescens
Brittle Cactus
Opuntia fragilis
Yucca
Yucca glauca
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Table 4. Soil water information for the three BREBS locations at the Gudmundsen Sandhills Research
Laboratory near Whitman, Nebraska. WP: Wilting Point, FC: Field Capacity, AW: Available Water (Soil
Water Information Source: Allen et al. 1998; Soil Type Information Source: SSURGO 2011)

C4 and CAM vegetative species. The distance and direction to the base of the nearest
dune formation are 200 m and 270o, respectively (Table 2). The distance and direction to
the crest of the nearest dune formation are 600 m and 125o, respectively (Table 2). Soil
moisture and precipitation information for the upland dune site are presented in Figure 7.
In the semi-arid Sand Hills of Nebraska, vegetative species distribution is dependent
upon topography, soil texture, and spatiotemporal precipitation and soil water distribution
(Pool 1914; Barnes and Harrison 1983; Burzlaff 1962; Tolstead 1942). The GSRL
exhibits a unique diversity of native vegetation and this study aims to determine how ET
is organized among different land cover (vegetation community) types using different
remote sensing data processing techniques. Elevation, slope and aspect information for
the GSRL area are presented in Figures 8-10.
2.2

The METRICTM Model
ET estimation is computed through image processing of instantaneous red, near

infrared (NIR) and thermal infrared (TIR) data collected via satellite (i.e. Landsat).
Images are processed such that, through internal calibration, ET is estimated as the
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Figure 5. Daily (March – October) 2004 Precipitation and soil moisture measurements from the
Automated Weather Data Network (AWDN) station located adjacent to the subirrigated meadow, at the
Gudmundsen Sand Hills Research Laboratory, near Whitman, Nebraska.

Figure 6. Daily (March – October) 2004 Precipitation and soil moisture measurements from the Bowen
ratio energy balance system (BREBS) station located in the dry valley site, at the Gudmundsen Sand Hills
Research Laboratory, near Whitman, Nebraska.

Figure 7. Daily (March – October) 2004 Precipitation and soil moisture measurements from the Bowen
ratio energy balance system (BREBS) station located in the upland dune site, at the Gudmundsen Sand
Hills Research Laboratory, near Whitman, Nebraska.
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residual of the energy balance (eq. 4). Satellite data processing of this manner, referred to
as the METRICTM Flat Model (FLT), provides information of instantaneous energy
fluxes that are thoroughly explained in Allen et al. (2007a). This study is unique in that
we employ the METRICTM Mountain Model (MTN) which integrates topography (i.e.
slope, aspect and elevation) in computation of energy partitioning. Since the fundamental
components and applications of FLT have been thoroughly outlined by Allen et al.
(2007a; 2007b), to address MTN, we will focus on discussing the distinctions between
the two models (FLT and MTN). In MTN, a digital elevation model (DEM) and
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computed slope and aspect data are required. In FLT, the land surface is assumed flat at
all pixels while in MTN the solar incidence angle and resulting reflectance values are
adjusted for each pixel in the image depending on slope and aspect. Furthermore,
atmospheric transmissivity in MTN is calculated as a function of elevation rather than
kept constant like in METRICFLT. Other adjustments in MTN include aerodynamic
roughness, aerodynamic resistance, and wind speed estimation in mountainous regions.
Radiation Balance (Rn)
The first step of image processing is to determine the net surface radiation balance
(Rn). Net radiation from a clear sky is estimated by balancing net shortwave and
longwave components of the radiation budget:
Rn = Rso↓(1 – α) + Rl↓ – Rl↑ – Rl↓(1 – εo)

(5)

where α is shortwave albedo of the surface (dimensionless) for all pixels. Rn can be
calculated by integrating satellite spectral reflectance values from the shortwave bands 1–
5 and 7 of Landsat satellites. Rso↓ is incoming shortwave radiation (W m-2); Rl↓ and Rl↑ are
incoming and outgoing longwave (thermal) radiation (W m-2), respectively; εo is the
surface emissivity (dimensionless). For more information regarding Rn and G, refer to
Tasumi et al. (2005).
Outgoing Longwave Radiation (Rl↑)
Outgoing longwave (4 µm and greater; NSIDC 2011) radiation (Rl↑) is calculated
using the Stephan-Boltzman equation:
R l ↑ = ε o σ T s4

(6)

where εo is the surface emissivity (dimensionless); σ is the Stephan-Boltzman constant
(5.67 × 10-8 W m-2 K-4); and Ts is the radiometric surface temperature (K). When leaf area
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index (LAI) is less than three, εo = 0.95 + 0.01 LAI. When LAI is greater than or equal to
three εo = 0.98. Ts is calculated from:
Ts =

K2

(7)

⎛ε K
⎞
ln⎜⎜ NB 1 + 1⎟⎟
⎝ Rc
⎠

where K2 and K1 are satellite constants found in Allen et al. (2007a), εNB is narrow band
emissivity calculated as a function of LAI and NDVI (Normalized difference vegetative
Index) given by Tasumi (2003). Rc is thermal radiance calculated equation given by
Wukelic et al. (1989).
Incoming Longwave Radiation (Rl↓)
Incoming longwave (4 µm and greater; National Snow and Ice Data Center
(NSIDC) 2011) radiation (Rl↓) is estimated with the following equation:

(

4

)(

Rl ↓ = ε a * σ * Ts _ DEM * f i + eo * σ * Ts _ terrain * f i
4

)

(8)

where Ts_DEM is the lapse corrected surface temperature (K), σ is the Stefan-Boltzmann
constant (5.67*10-8), fi is the sky-view factor for an isotropic condition with downward
diffusive radiation occurring in equal intensity and in all directions (Tian et al. 2001;
Allen et al. 2006), Ts_terrain is the surface temperature of surrounding terrain, εa is the
effective atmospheric emissivity and εo is the broadband surface emissivity:
ε a = 0 . 85 (− ln τ sw )0 .09

(9)

where τsw is the broadband atmospheric transmissivity for shortwave radiation (described
later);
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ε o = 0 .95 + 0 .01 * LAI

(10)

The lapse correction to surface temperature (Ts) is administered in METRICTM by
defining the lapse rate in the following equation:
(11)

T s _ DEM = T s _ cold − Lapse

Where Ts_cold is the radiometric surface temperature representing a well-watered
agricultural pixel; and Lapse is the lapse rate defined by the user (normally, 6.5 oK km-1);
Ts_terrain is an estimate of the temperature of an opposing slope by utilizing aspect (A) and
sun azimuth (SA) to get the terrain angle component (ξ):

ξ = (360 − A) *

π

for A < SA

(12a)

for A > SA

(12b)

T s _ terrain = T s

for slope < 5o

(12c)

T s _ terrain = T s − NS T * cos (ξ )

for slope > 5o

(12d)

ξ = ( A − SA )*

180

π
180

were NST is the temperature difference between north and south facing slopes (oC). The
sky-view factor is calculated based on Tian et al. (2001):
f i = 0.75 + 0.25 * cos (s ) −

0 .5 * s

π

(13)

The first term in eq. 8 describes incoming longwave radiation emitted by the atmosphere,
while the second term describes longwave radiation that is emitted by the surrounding
landscape.
Incoming Rso Estimation on Slopes
Total solar radiation (Rso) for clear sky conditions is calculated by partitioning
total radiation into beam, diffuse and terrain components:
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Rso = RBo + RDo + Rterrain

(14)

where RBo, RDo and Rterrain are the beam, diffuse, and terrain components, respectively.
The beam component is described as follows:
R Bo = K B * S c * d r * cos( θ onslope )

(15)

where; KB is the longwave atmospheric transmissivity for the beam; Sc is the solar
constant (1367 W m-2); cosθonslope is the cosine of the solar incidence angle (from nadir)
on a slope; and dr is the inverse square of the relative earth-sun distance:
⎛ 2π ⎞
d r = 1 + 0.033 cos ⎜
⎟
⎝ 365 ⎠

(16)

The diffusive component on a slope is calculated as follows:
R Do = [K D * S c * d r * cos(θ FLT ) ]* f i

(17)

where cosθFLT is the cosine of the solar incidence angle (from nadir) on flat terrain; and
KD is the atmospheric transmissivity for diffuse radiation. KB and KD are calculated by
ASCE-EWRI (2005) standardization:
0.4
⎡ − 0.00146 * Pair
⎛ W ⎞ ⎤
− 0.075⎜
K B = 0.98 exp ⎢
⎟ ⎥
⎝ cos θ ⎠ ⎦⎥
⎣⎢ K t cos θ FLT

(18)

K D = 0.35 − 0.36 K B

for KB >0.15

(19)

K D = 0.18 − 0.82 K B

for KB <0.15

The amount of radiation reflected from adjacent terrain (Rterrain) is calculated as follows
(Allen, 2011):
R terrain = ( K B + K D ) * S c * d r * cos (θ FLT ) * α terrain * (1 − f i )

(20)
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where αterrain is the average longwave albedo for the terrain facing the slope (Allen,
2011), here equal to 0.2; and the last term (1-fi) is the fraction of the hemisphere of sky
that a pixel does not “see” when on an infinite, smooth, slope (s).
f i = 0.75 + 0.25 cos( s ) −

0.5 s

π

(21)

Albedo (α)
Albedo (α), or the ratio of the amount of electromagnetic radiation reflected by a
body (surface) to the amount incident upon it (NSIDC 2011), in METRICTM is calculated
through a series of steps. First, the at-satellite reflectance (ρt,b) must be calculated for
each shortwave band, then the spectral radiance (Lb) must be determined. Using a similar
weighting technique to Starks et al. (1991), the equation used in METRICTM for
calculating albedo is as follows:

α = ∑b =1 [ρ s ,b * wb ]
6

(22)

where wb is a weighting coefficient for each band provided by Tasumi et al. (2008). The
weighting coefficients consider the total, potential at-surface radiative energy in the
segment of the electromagnetic spectrum closest to the specific band (Allen et al. 2010).
The coefficients have been validated by Tasumi et al. (2008) over a wide range of
climates and locations across the United States using radiative transfer models testing a
variety of sun angles, elevations, and atmospheric moisture abundance (i.e. humidity).
At-Satellite Reflectance (ρt,b)
The reflectance of energy received at the satellite (ρt,b) in FLT is computed
according to Tasumi et al. (2008) and Allen et al. (2007a):

ρ t ,b =

π * Lb
ESUNb * cosθ FLT * d r

(23)
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where the t subscript signifies “top of the atmosphere”, or at-satellite, while the b
subscript signifies the specific shortwave band involved; Lb is the spectral radiance (W m2

μm-1); ESUNb is the mean solar exoatmospheric irradiance for band b (W m-2 μm-1). The

difference employed in MTN to calculate ρt,b is a new cosine of the solar incidence angle
(cosθMTN):

ρ t ,b =

π * Lb
ESUNb * cosθ MTN * d r

(24)

Incoming Shortwave Transmittance ( τ in,b )
Incoming transmittance of shortwave radiation for each Landsat band (b) in FLT
is calculated with the following equation:

⎡

C2 * Pair
C W + C4 ⎤
− 3
⎥ + C5
K
*
cos(
θ
)
cos(
θ
)
FLT
FLT ⎦
⎣ t

τ in,b = C1 exp⎢

(25)

where all C values are derived from Tasumi et al. (2008) and presented in Table 5; Kt is
unitless “clearness” coefficient (0 < Kt < 1, where 1 for clean air and 0 for extremely
turbid); Pair is air pressure (kPa); and W is the precipitable water in the atmosphere (mm).
Table 5. Calibrated numbers of Cb in Equation 46, 47 and 50; and C1 through C5 for Equations 28, 32 and
33 for Landsat bands (from Tasumi et al., 2008). Dummy values are used for the thermal band
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In MTN, τ in,b is split between direct beam and diffuse components. Coefficients of
beam (KB,b) and diffuse (KD,b) shortwave radiation are described in the following
equations:
τ in , b = K D ,b + K B ,b

τ in,b−a1,b

K B ,b =

1 − a 2 ,b
a 1,b −a 2,b *τ in ,b

K D ,b =

1 − a 2 ,b

(26)
(27)

(28)

where a1 = a2 and equal to 0.63, 0.61, 0.62, 0.63, 0.60 and 0.49 for bands 1-5 and 7,
respectively.
Outgoing Shortwave Transmittance ( τ out ,b )
Outgoing transmittance of shortwave radiation for each Landsat band (b) in FLT
and MTN is calculated as follows, respectively:

⎡ C 2 * Pair C 3W + C 4 ⎤
−
⎥ + C5
K
*
1
1
⎣ t
⎦

τ out ,b = C1 exp⎢
(29)

⎡ C2 * Pair
C W + C4 ⎤
− 3
⎥ + C5
cos(0) ⎦
⎣ K t * cos(0)

τ out,b = C1 exp⎢

(30)

Incoming Shortwave Radiation (Rso↓)
Incoming shortwave radiation (Rso↓) in FLT can be estimated from:
R so ↓ = S c * cos(θ FLT ) * d r * τ sw

(31)

where τsw is the broadband atmospheric transmissivity for shortwave radiation:

τ sw = τ B + τ D

(32)
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Here, τB and τD are the beam (B) and diffuse (D) components, respectively, which are
calculated using equations 14 and 15 where KB and KD are represented by τB and τD ,
respectively. Total diffuse radiation receipt on a horizontal surface (EDiffuse) and direct
beam (EBeam) radiation on any slope are now calculated using the following equations:
R so ↓ = E Beam + E Diffuse

E Beam =

E Diffuse =

K B , b * ESUN

(33)
b

* d r * cos( θ MTN )

π

(34)

K D ,b * ESUN b * d r * cos( θ FLT )

π

(35)

Shortwave Radiance Estimation on Slopes (Es,b)
In MTN, pixel-specific reflectance (Es,b) in each band (b) is estimated using a
decoupled approach similar to that for broadband radiation described in the previous
section, where total radiance is decomposed into beam (EB,b), diffuse (ED,b), and terrain
and (Eterrain,b) radiance components and the same isotropic model is used (Allen, 2011).
These separate components, calculated individually for each band are:
(36)

E s , b = E B , b + E D , b + E terrain , b

E B ,b = K B ,b

ESUN b * d r cos(θ onslope )
π
cos(s)

E D ,b = f i * K D ,b

(37)

ESUNb * d r cos(θ FLT )
π
cos(s)

Eterrain = (K B,b + K D,b ) *

ESUNb * d r

π

* cos(θ FLT ) * ρ s,terrain,b *

(38)

(1 − f i )
(39)
cos(s)

where ρs,terrain,b is the reflectance of the opposing terrain, which is calculated as follows:
ρ s , terrain , b = ρ s , terrain , b , nadir (1 + 0 . 007 * (90 − κ ) * max (− cos ( γ − γ sun ), 0 )) (40)
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where γsun is the sun azimuth (with the same definitions as for γ); ρs,terrain,b,nadir is the
reflectance of opposing terrain with a nadir view angle; and κ (in degrees) is an estimated
fixed, average view angle from a pixel on a slope onto a plane below.

⎛ tan(s) ⎞
⎟⎟
⎝ 1 + tan(s) ⎠

κ = 90 − tan −1 ⎜⎜

(41)

At-Surface Shortwave Reflectance (ρs,b)
In FLT, reflectance of shortwave radiation at the earth’s surface is calculated
using each shortwave Landsat band in the following equation:

ρ s ,b =

ρ t ,b − Cb (1 − τ in,b )
τ in,b *τ out ,b

(42)

where Cb is a calibration coefficient which differs for each band (b) based on Tasumi et
al. (2008) (Table 2). In MTN, ρs,b is calculated by dividing the reflected radiance (Lb,
described in next section) at the surface by the total radiance at the surface (Es,b) (Allen,
2011).

ρ s ,b

⎛
⎡ π * Lb
0.3 * π * Lb ⎤ ⎞ cos( s )
⎜ max ⎢
− C b (1 − τ in ,b ) * cos(θ FLT ),
⎥⎟
⎜
ESUN b * d r ⎦ ⎟⎠ τ out ,b
⎣ ESUN b * d r
⎝
=
cos(θ onslope ) * K B ,b + cos(θ FLT ) * K D ,b * f i + ρ s ,terrain ,b * cos(θ FLT ) * (K B ,b + K D ,b ) * (1 − f i )

[

(43)
Here, the (0.3*π*Lb)/(ESUNb*dr) is used to set a minimum amount of energy assumed to
originate at the earth’s surface that is sensed at the satellite, which is necessary on steep
slopes. If this is not accounted for, the path radiance correction tends to be larger than the
observed signal at the sensor.
Spectral Radiance (Lb)

]
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Spectral radiance (Lb, units of W m-2 µm-1 sr-1) is calculated in FLT as depicted in
equations 48-49, while equation 50 describes how this is calculated in MTN. For Landsat
5 and 7 images in the, older, NLAPS preprocessing system:
⎛ LMAX − LMIN ⎞
Lb = ⎜
⎟ * DN + LMIN
255
⎝
⎠

(44)

Where LMAX and LMIN are calibration coefficients found in each image’s header file;
DN refers to the digital number of each pixel. When Gain and Bias are used in older
Landsat 5 and 7 images:
Lb = (Gain * DN ) * Bias

(45)

where the Gain and Bias values are found in the image’s header file.
Finally in MTN, Lb can be expressed in the three components (Beam, Diffuse, and
Terrain) plus path radiance using equation 44 (Allen, 2011):
L b = ρ s ,b (E B ,b + E D ,b + E terrain ) * τ out ,b +

C b (1 − τ in , b ) * ESUN b * cos( θ FLT ) * d r

π

(46)
Sensible Heat Flux (H)
Sensible heat flux (H) is derived from a momentum flux equation for each pixel in
a satellite image (Allen et al. 2010):

H = ρairCp

b + aTs _ DEM
rah

(47)

where a and b are coefficients calibrated for each image determined by 'hot' and 'cold'
anchor pixels (described later); Cp is air specific heat (1004 J kg-1 K-1); ߩair is air density
(kg m-3) is approximated using:
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ρ=

1000P
1.01 Ts − (b + aTs _ DEM ) R

[

]

(48)

where R is the specific gas constant (287 J kg K-1); Ts is the surface temperature (K); and
P is mean atmospheric pressure (kPa) calculated as:

⎛ 293 − 0.0065z l ⎞
P = 101.3⎜
⎟
293
⎝
⎠

5.26

(49)

where zl is the elevation of each pixel above sea level (m).
rah is the aerodynamic resistance to heat flow (s m-1) determined using iterative Monin
Obukhov air stability corrections:
⎛z ⎞
ln⎜⎜ 1 ⎟⎟
z
rah = ⎝ 2 ⎠
u* * k

(50)

where z1 and z2 are 0.1 and 2.0 meters, respectively; k is the Von Karmann constant
(0.41); and u * is the friction velocity (ms-1). The sensible heat flux equation (eq. 47) is
difficult to determine because there are two unknowns, dT and rah. To facilitate this
operation, we solve for dT with the selection of anchor pixels where H is reliably
estimated. Then through iterations, assuming neutral atmospheric conditions to begin
with, of both H and rah, a final H estimation is computed.
Adjustment to Momentum Roughness Length (zom) on Slopes
In order to calculate u * , an estimation of momentum roughness length (zom) is
needed. This is calculated using LAI and a land use map with the following equation for
agricultural pixels:
zom = 0.018 * LAI

(51)
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Zom values were assigned where agricultural zom was based on LAI, while other major land
cover classes in the study area were assigned specific values (Barren/Sand/Outcrop =
0.005; Emergent Wetlands = 0.1; Sandhills Upland Prairie, Little Bluestem-Gramma
Mixedgrass Prairie, Western Wheatgrass Mixedgrass Prairie, and Western Shortgrass
Prairie = 0.02; Sandsage Shrubland, Lowland Tallgrass Prairie, and Upland Tallgrass
Prairie = 0.3; Ponderosa Pine Forests and Woodlands, Deciduous Forest/Woodlands, and
Juniper Woodlands = 0.5; Agricultural Fields = 0.18*LAI). In METRICTM, zom is adjusted
for steep terrain by employing the slope in the calculation. In order to examine
topographical influence on zom, a standard deviation of elevation (SDE; in meters) within
a 3 km circle containing each pixel at the center is calculated (Figure 11). SDE influences
zom and is adjusted because it alters convective mixing which influences aerodynamic
resistance (rah). If the land cover is not open water or agriculture, the following equations
are used for roughness adjustment (zom_adj) (Allen and Trezza, 2011):

⎛z
⎞
zom _ adj = zom + Cz zom _ terrain ⎜⎜ om _ flat + 0.3⎟⎟
⎝ 7
⎠

(52)

where

⎛ π min(SDE) ⎞
zom _ terrain = zom _ terrain _ max sin⎜
⎟
200 ⎠
⎝2

3

(53)

Here, SDE is limited to within a 3 km diameter circle containing the pixel at the center
(m); zom is the zom for surface in flat terrain (m); zom_terrain_max , here equal to 3 m, is the
maximum terrain roughness for SDE that is greater than or equal to 200 m; Cz is a
roughness effect factor, here equal to 1.0; and zom_terrain is the additional roughness caused
by the terrain (m). In the first ‘iteration’ calculating H, the friction velocity ( u * ) for each
pixel is computed as follows:
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u* =

kU 200
⎛ 200 ⎞
⎟⎟
ln⎜⎜
⎝ z om ⎠

(54)

where the wind speed at the 200m blending height (U200, m s-1) is calculated as:

U 200

⎛ 200 ⎞
⎟⎟
ln⎜⎜
z
⎝ om ⎠
= u*
k

(55)

Adjustment to Wind Speed (U) with Topographic Influence
Adjustments to wind speed at an assumed blending height of 200 m (U200) above
the weather station are employed and adjustments are also included to account for
impacts of elevation change within an image. Topographic relief can produce high SDE
and wind speed is increased due to converging atmospheric flow. In this application if
SDE is less than 30 m, or between 30 and 50, the following equations are utilized,
respectively (Allen and Trezza 2011):
U 200 _ adj _ 1 = U 200 (1 + C u RE 3 )

(56)

⎛
⎛ SDE − 30 ⎞ ⎞
U 200 _ adj _ 1 = U 200 max⎜⎜1,1 + Cu RE3 ⎜
⎟ ⎟⎟
50
−
30
⎝
⎠⎠
⎝

(57)

where Cu is an adjustment coefficient (1.0, here); and RE3 is the relative elevation of a
pixel within a 3 km circle. At our study sites, all SDE values are less than 30 so we
reduced this lower threshold to 15 in our second processing of MTN. Hereafter, the two
MTN results are referred to as MTN30 and MTN15. RE3values for a 3km circle is
presented in Figure 12. Sometimes in sloped areas, terrain can be blocked from wind and,
thus, experience reduced wind speed if on the leeward side. In MTN30, if the slope is
greater than 5o (on a slope), SDE is greater than 30m (15m in MTN15) implying it is in
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Figure 11. Standard deviation of elevation with a 3km circle around each pixel around the subirrigated
meadow, dry valley and upland dune at the Gudmundsen Sand Hills Research Laboratory (outlined in
black) near Whitman, Nebraska.
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Figure 12. Relative elevation with a 3km circle around each pixel around the subirrigated meadow, dry
valley and upland dune at the Gudmundsen Sand Hills Research Laboratory (outlined in black) near
Whitman, Nebraska.
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rough terrain, and if the RE3 is between 0.1 and 0.95 (on the mid-slope portion of the
slope) then the following equation is utilized to decrease wind speed on leeward slopes
(Allen and Trezza, 2011):

U 200 _ adj _ 2 =

U 200 _ adj _ 1

(58)

1 − C s min(0, C a )

where
C a = (sin (S )) abs (cos ( A − A w )) cos ( A − A w )

(59)

1 .5

Here, Ca is the adjustment coefficient ranging from -1.0 – 1.0; A is the aspect of the slope
(360o/0o N, 180o S); and Aw is the aspect of the wind direction (360o/0o N, 180o S).
Once adjustments are made to wind speed and stability, H is calculated in eq. 47
by employing the Ts_DEM values in relation to the near surface (0.1 m above the zero plane
displacement height, d, plus height for roughness, zom) temperature difference (dT) at two
anchor pixels (selected for “hot” and “cold” conditions, using guidelines of Allen et al.
2010). The cold anchor pixels were selected from well-watered homogeneous grasslands
where H (and dT) is assumed to be zero and all available energy is consumed through ET.
The hot anchor pixels were selected from locations with assumed bare soil where ET is
zero. Once anchor pixels are selected, dT is calculated with the following equation:

where,

dT = a + bT s _ DEM

(60)

T s _ DEM = T s + Lapse

(61)

MTN is designed to accommodate two different lapse rates; one to flat and one to steep
terrain above a designated elevation:
Lapse = C lapse _ flat

z − z datum
1000

for z < zbreak

(62)
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Lapse = C lapse _ flat

(z break

(z − z break
− z datum )
+ C lapse _ mtn
1000
1000

)

for z > zbreak

where; Lapse is the surface temperature adjustment according to change in elevation (K);
Clapse_flat is the lapse rate assigned to areas of relatively flat terrain (K km-1); Clapse_mtn is
the second lapse rate utilized for steeper terrain such as mountain slopes (K km-1). In this
study, only one lapse rate was used (6.5 oK km-1) due to the minimal overall elevation
gradient, and minimal atmospheric moisture difference (i.e. semi-arid climate) that would
justify an increased lapse rate change (9.8 oK km-1). For the purposes of this study, we
have assumed that the elevation for lapse rate change (zbreak) is above all elevations in our
study area. Therefore, only one lapse rate was implemented (6.5 oC km-1).
In order to estimate H at the cold and hot pixels we employed a reference ET
(ETr), and the fraction of reference ET (ETrF, or sometimes referred to as a crop
coefficient; Kc) values calculated from the FAO56 – Standardized Penman-Monteith
Equation (Allen et al. 1998) using hourly weather data from the aforementioned
Gudmundsen Automated Weather Data Network (AWDN) station (HPRCC 2010):
H cold = Rn − G − 1.05λ ETr

(63)

where λ is the latent heat of vaporization (J kg-1).
H hot = R n − G − K c ET r

(64)

Due to the moist soils beneath most well-watered alfalfa crops, the value of 1.05 is
multiplied by the ETr value in eq. 67 to express a 5% increase in ET from the reference
value. Usually Kc is assumed to be 0.01 for hot pixels but may range from 0.05 – 0.15
depending on timing of recent precipitation events.
Hot and cold pixel criteria were selected from the same location in FLT and MTN
such that input parameters were consistent between models. Criteria for hot pixel
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selection include the assumption that ET is assumed to be very near zero and that the
pixel represents bare soil conditions.

dThot =

H hot * rah _ hot

ρ hot * c p

(65)

The cold anchor pixels were selected from areas intended to represent well-watered
homogeneous grassland conditions of a crop such as alfalfa. At the cold pixel, all
available energy is assumed to be consumed by ET, and H (and dT) is zero.

dTcold =

H cold * rah _ cold

ρ cold * c p

(66)

Once dTcold and Ts_cold (and dThot and Ts_hot) are plotted, a regression equation is
established which defines the a and b coefficients via:

dThot − dTcold
Ts _ hot − Ts _ cold

(67)

b = dT hot − aT s _ hot

(68)

a=
and

Then, once an initial estimation of H is achieved, Monin-Obukhov length (L) is used to
define stability conditions in an iterative process:

L=−

ρc p u * 3 T s
kgH

(69)

L is the height at which buoyant to mechanical mixing forces are equal. Stability of the
atmosphere is defined as when L<0, the atmosphere is unstable, and when L≥0 the
atmosphere is stable. Integrated stability corrections for momentum and heat transport
(Ψm and Ψh) are computed following Paulson (1970) and Webb (1970):
If L<0 (unstable conditions):
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⎛ 1 + x( 200 m ) 2 ⎞
⎛ 1 + x( 200 m ) ⎞
⎟ − 2 ARCTAN (x( 200 m ) ) + 0.5π
⎟⎟ + ln⎜
⎜
⎟
2
2
⎠
⎝
⎝
⎠

(70)

⎛ 1 + x(2m) 2
⎜
2
⎝

(71)

ψ m ( 200 m ) = 2 ln⎜⎜

ψ h ( 2 m ) = 2 ln ⎜

⎞
⎟
⎟
⎠

⎛ 1 + x ( 0 .1 m ) 2
⎜
2
⎝

ψ h ( 0.1m ) = 2 ln ⎜

⎞
⎟
⎟
⎠

(72)

where;

x ( 200m )

200 ⎞
⎛
= ⎜1 − 16
⎟
L ⎠
⎝

x ( 0.1m )

0.1 ⎞
⎛
= ⎜1 − 16
⎟
L ⎠
⎝

x(2m)

2⎞
⎛
= ⎜1 − 16 ⎟
L⎠
⎝

0.25

(73)

0.25

(74)

0.25

(75)

If L≥0 (stable conditions):
⎛2⎞
⎝L⎠

ψ m ( 200 m ) = −5⎜ ⎟
⎛2⎞
⎟
⎝L⎠

ψ h ( 2 m ) = − 5⎜

⎛ 0 .1 ⎞
⎟
⎝ L ⎠

ψ h ( 0.1m ) = −5⎜

(76)

(77)

(78)

For L=0 (neutral conditions): H = 0 and Ψm and Ψh = 0.
Stability Correction (ψ) with Topographic Influence
On windward sides of areas with high topographic relief (i.e. where SDE is
significant) rah is decreased from increased buoyancy-induced instability correction. In
this case, if the slope is greater than 5o (on a slope), and if SDE is greater than 30m (in
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rough terrain) (15m in MTN15), and if the stability parameter (ψz1, ψz2, ψz200) is less than
zero then the following adjustment is implemented in MTN30, which increases the
instability correction (Allen and Trezza 2011):
ψ adj = ψ (1 + C ψ max (0 , C a ))

(79)

Because all SDE values are less than 30, this correction does not apply to MTN30. If the
stability parameter (ψz1, ψz2, ψz200) is greater than zero, then the following equation is
implemented, which decreases the instability correction (Allen and Trezza 2011):
ψ adj = ψ (1 − Cψ max (0, C a ))

(80)

Here, Cψ is a scaling coefficient equal to 1.0. A corrected u * is then computed for each
successive iteration as:
u* =

u 200 k
⎛ 200 ⎞
⎟⎟ − ψ m ( 200 m )
ln ⎜⎜
⎝ z om ⎠

(81)

and a corrected value for aerodynamic resistance to heat transport (rah) is computed
during each iteration as:

rah =

⎛z
ln⎜⎜ 2
⎝ z1

⎞
⎟⎟ − ψ h ( z 2) + ψ h ( z1)
⎠
u* k

(82)

where z1 and z2 are 0.1 and 2.0 meters, respectively.
Finally, once dT has been determined from anchor pixel selection, u* and rah are
computed following with H, beginning with the assumption of neutral atmospheric
conditions, new values of u* and rah were computed and used in new calculations of H
iteratively. When dT and rah at the anchor pixels stabilize, the final calculation of H was
provided (Allen et al. 2010).
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Soil Heat Flux (G)
Soil heat flux (G) can be expressed as a portion of net radiation (Rn) or sensible
heat flux (H) that depending on leaf area index (LAI) and/or Normalized Difference
Vegetation Index (NDVI):

(

)

G = 0.05 + 0.10e −0.52* LAI * Rn

for LAI > 0.5
and wetlands with NDVI > 0.5

(83)

G = 2 * Max[(0.4 * H ), (0.15 * Rn)]

for LAI < 0.5

(84)

G = −51* 0.41* Rn

for wetlands with NDVI < 0.5

(85)

where LAI is estimated using the Soil Adjusted Vegetation Index (SAVI) to reduce the
impacts of soil wetness within the index by ‘subtracting’ the background soil detected:

SAVI =

(1 + L) * (ρt ,4 − ρt ,3 )

(L + ρ

t ,4

(86)

+ ρt , 3 )

where L is a constant that varies depending on soil type. A value of 0.5 is commonly used
although for this study we employed a value of 0.1 following the findings of Tasumi
(2003) in semi-arid southern Idaho where sandy soils are present with relatively sparse
vegetation. LAI can then be calculated as follows:

LAI = 11* SAVI3

for SAVI ≤ 0.817

LAI = 6

for SAVI ≥ 0.817

(87)

Because G is does not differ between MTN30 and MTN15, the resulting values for G in
both runs are simply labeled as MTN.
Latent Heat Flux (LE) and Evapotranspiration (ET)
Latent heat flux (LE) and resulting ET can be calculated as the residual of eq. 4,
after all components of the energy balance (Rn, G and H) have been addressed. The
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resulting instantaneous flux of latent heat is an estimate of actual ET at the time of
satellite overpass:
⎛ LE ⎞
ETinst = 3600 * ⎜
⎟
⎝ λ ⎠

(88)

where ETinst is the hourly instantaneous ET (mm hr-1) at the image overpass time; 3600 is
used to convert seconds to hours; and λ is the latent heat of vaporization (J kg-1):
λ = (2 .501 − 0 .00236 (Ts − 273 )) × 10 6

(89)

Using the ASCE Standardized Penman-Monteith equation for reference ET (ETr for
alfalfa, ETo for grass reference) is helpful in determining the ratio of ETinst to ETrinst,
referred to as the fraction of reference ET (ETrF) at each pixel (Allen et al. 1998). ETrF,
which varies with vegetation development, is assumed constant for the entire 24-hour
period of the image date.
ETr F =

ETinst
ETrinst

(90)

The cumulative ETr for the 24-hour period is, thus, referred to as ETr24. 24-hour actual ET
(ET24; mm day-1) can then be calculated using eq. 90 by incorporating ETr24 and ETrF as
follows:

ET24 = ETr F * ETr 24

(91)

For clarification, when FLT or MTN are calibrated, although we examine three different
land cover types, the calibration dataset (hourly meteorological station data from the
Gudmundsen AWDN) remains the same. Therefore, the reference (ETr) values to which
all three land cover types are compared also remains constant. For quality assurance
purposes, a thorough examination of the calibration dataset was administered to
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determine data integrity of solar radiation, humidity, air temperature, wind, and
precipitation data using Allen et al. (1996).
2.3

Averaging Technique to Estimate Results at each Bowen Ratio Energy
Balance System (BREBS) Location using Remote Sensing
In estimating NDVI (Figure 13) and LAI (Figure 14) from METRICTM, a simple

yet straightforward approach was employed. This procedure involved not only the value
of the (30m x 30m) pixel at the location of the Bowen Ratio Energy Balance Systems
(BREBS) but also a three by three array surrounding. One extra pixel surrounding the
three by three array in the direction of the prevailing wind at the time of satellite overpass
(here, 10:00am to 11:00am) was included in the calculation of ET for each station
location in each image. This array is smaller than the 100 – 300 m2 footprint potential of
a BREBS station and was selected because when the Bowen ratio is small (which
NDVI
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Figure 13. Normalized Difference Vegetation Index (NDVI) derived from Landsat imagery at the locations
of three different BREBS including the subirrigated meadow, dry valley and upland dune sites within the
Gudmundsen Sand Hills Laboratory near Whitman, Nebraska, 2004
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Figure 14. Leaf Area Index (LAI) derived from Landsat imagery at the locations of three different BREBS
including the subirrigated meadow, dry valley and upland dune sites within the Gudmundsen Sand Hills
Laboratory near Whitman, Nebraska, 2004

a
b
c
Figure 15. Midseason (July 8: DOY 190) ETrF at the subirrigated meadow (a), dry valley (b) and upland
dune (c)sites at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska.

commonly occurs at these locations) the fetch to height ratio is reduced from the
commonly used ratio of 1:100, to 1:20 (Heilman et al. 1989). For clarification on site
specific sampling, each BREBS location is depicted in Figure 15 which displays the
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difference in cell properties at each station location. Although, a formal footprint analysis
is warranted but is left for future research.
2.4

Land Cover Extraction for Spatial Averaging of Sand Hills
Evapotranspiration (ET)
To estimate average evapotranspiration (ET) estimates from the major land cover

types represented by our three BREBS locations, we utilized the Nebraska GAP Analysis
land use map due to its delineation between different prairie grasses (Henebry et al.
2008). GAP maps are produced by each state based on guidelines established by the
USGS Biological Resources Division. The Nebraska GAP map used in conjunction with
the METRICTM application was developed by the Center for Advanced Land
Management Information Technologies (CALMIT) at the University of Nebraska,
Lincoln in 2005 using Landsat imagery acquired from 1991-1993. More information
about the Nebraska GAP project can be found at http://www.calmit.unl.edu/gap. Land
use classes for the Nebraska GAP land use map are shown in Figure 1. The three BREBS
at the GSRL are located within three of the five major land cover types: (1) subirrigated
meadow/emergent wetlands, (2) lowland tallgrass prairie and (3) upland Sandhills prairie
land cover types. These three land cover types were extracted for spatial analysis of ET
from these specific land covers across the western half of the Sand Hills (path 32, row 31
of Landsat orbit).
3.0

RESULTS AND DISCUSSION

3.1

May 5, 2004
The first image (Landsat 5) analyzed in this study is from May 5 (DOY 126). At

this time, a transition from cool-season to warm-season is taking place in which the
vegetative species in each respective land cover type are responding. C3 (cool-season)
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species are thriving and C4 (warm-season) species are beginning growth and
development. This image was captured 13 days after the last precipitation event and April
received one of the highest monthly total precipitation totals (68 mm) of any month in
2004 (Figure 5). The Gannett-Loup fine sandy loam texture exhibits higher water holding
capacity and limited infiltration in the subirrigated meadow compared to the other
ecosystems in this study. In contrast, the dry valley (Elsmere loamy fine sand) and upland
dunes (Valentine fine sand) exhibit lower water holding capacity and greater infiltration
capability (SSURGO 2011). Table 6 shows that this image exhibits the largest ETrinst
value of any image throughout the year with 1.0 – 1.2 mm hour-1, and ETr was 10.6 mm
day-1 on this date. Table 7 shows this image date experienced the second highest
maximum temperature with 33oC. In the subirrigated meadow soil water is near or at
field capacity from the high water table at that site during this image overpass (Figure 5:
Table 4). Although NDVI and LAI are very low (0.42 and 0.49, respectively) at this time,
the subirrigated meadow contains ample soil water and an abundance of C3 vegetative
species are thriving in the spring cool-season.
Comparing BREBS observations to FLT (Figure 16a), MTN30 and MTN15 (Figure
16b and 16c) results reveal some differences in ET estimation (Figure 16d and 16e). The
resulting ET estimations from FLT, MTN30 and MTN15 in the subirrigated meadow on
May 5, 2004 are 5.67 mm day-1, 4.78 mm day-1 and 4.78 mm day-1, respectively, while
the BREBS-Meadow recorded 4.65 mm day-1 (Table 8). Figure 17a and Figure 18a show
that MTN30 and MTN15 estimated 582 Wm-2 of Rn where G consumed 188 Wm-2 (32%),
and FLT only partitioned 108 Wm-2 (18%) to G from 617 Wm-2 (Rn) in the subirrigated
meadow on this date. This is the only occurrence in the subirrigated meadow where G
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Table 6. Meteorological data from the calibration station (Automated Weather Data Network – AWDN)
that bounds the image time (~10:30 am) for each of the images (Landsat 5 and 7, Path 32, Row 31) during
2004 that were analyzed in this study (U, wind speed; TDew, dew point temperature; ETr, alfalfa reference
ET; Rs, incoming solar radiation; RH, relative humidity)

Date

5-May

Time

10:00

11:00

10:00

11:00

10:00

11:00

6.5

7.2

5.5

4.9

4.4

4.3

C

6.5

4.7

5.1

5.5

12.0

13.1

ETrinst

mm hour-1

1.0

1.2

0.8

0.8

0.8

0.9

Rs

W m-2

781

867

788

871

768

854

RH

%

26.7

20.6

37.2

36.4

38.9

40.3

Date
Time

1-Aug
10:00
3.9
4.5
0.4
753
51.8

18-Sep
10:00
3.7
17.2
0.4
615
82.1

11:00
3.7
17.3
0.6
705
69.5

U

ms

TDew

o

U
TDew
ETrinst
Rs
RH

ms
o

-1

-1

C

mm hour-1
W m-2

%

22-Jun

8-Jul

17-Aug
11:00 10:00 11:00
4.2
4.3
5.6
6.1
11.2
11.6
0.5
0.7
0.9
849
689
785
39.5
43.2
40.7

Table 7. Daily meteorological data from the calibration station (Automated Weather Data Network –
AWDN) for the image dates analyzed in this study (Landsat 5 and 7, Path 32, Row 31) during 2004. (Tmax,
maximum temperature; Tmin, minimum temperature; Rs, incoming solar radiation; U, wind speed; ETr,
alfalfa reference ET; RH, relative humidity)

5/5

6/22

7/8

8/1

8/17

9/18

Tmax

o

C

33

24

30

36

30

30

Tmin

o

C

11

3

15

12

6

13

Rs

W m-2

451

531

533

523

518

391

U

m s-1

5.2

3.3

3.6

1.6

3.6

4.2

ETr

mm day-1

10.6

8.0

7.5

7.1

7.8

6.3

RH

%

34.5

54.2

65.0

58.4

61.6

59.0
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Table 8. Resulting estimations of evapotranspiration from the Bowen Ratio Energy Balance Systems
(BREBS) and image processing using FLT, MTN30 (using 30m standard deviation of elevation threshold for
wind speed and stability adjustments), MTN15 (using a 15m standard deviation of elevation threshold for
wind speed and stability adjustments) at the subirrigated meadow, dry valley and upland dune sites

Image
Date
5/5

BREBS
(mm day-1)
4.65

METRICFLT
(mm day-1)
5.67

Difference
(mm)
1.02

30m SDE
threshold
METRICMTN
(mm day-1)
4.78

6/22

6.10

5.56

-0.54

5.96

7/8

5.82

6.80

0.98

6.74

0.92

6.74

0.92

8/1

5.16

4.69

-0.47

4.88

-0.27

4.88

-0.27

8/17

4.63

4.41

-0.21

4.77

0.14

4.77

0.14

9/18

2.92

3.70

0.79

4.22

1.31

4.52

1.60

Meadow

RMSE

0.73

Difference
(mm)
0.13

15m SDE
threshold
METRICMTN
(mm day-1)
4.78

Difference
(mm)
0.13

-0.14

5.98

-0.12

0.67

0.77

Image
Date
5/5

BREBS
(mm day-1)
2.65

METRICFLT
(mm day-1)
1.59

Difference
(mm)
-1.06

30m SDE
threshold
METRICMTN
(mm day-1)
2.62

6/22

2.92

2.39

-0.53

2.50

-0.42

2.50

-0.42

7/8

4.46

3.54

-0.92

3.68

-0.78

3.68

-0.78

Valley

Difference
(mm)
-0.03

15m SDE
threshold
METRICMTN
(mm day-1)
2.61

Difference
(mm)
-0.04

8/1

4.97

4.56

-0.41

4.85

-0.12

4.85

-0.12

8/17

2.30

3.03

0.72

3.61

1.31

3.61

1.31

9/18

0.72

0.68

-0.04

1.91

1.19

2.47

1.75

RMSE

0.70

0.81

0.96

Image
Date
5/5

BREBS
(mm day-1)
0.54

METRICFLT
(mm day-1)
0.67

Difference
(mm)
0.13

30m SDE
threshold
METRICMTN
(mm day-1)
0.84

6/22

1.27

2.33

1.06

2.02

0.75

1.95

0.68

7/8

2.29

2.90

0.61

3.24

0.95

3.17

0.88

8/1

2.46

3.05

0.59

2.26

-0.19

2.19

-0.26

8/17

1.22

1.83

0.60

2.04

0.82

2.01

0.79

9/18

0.43

0.97

0.54

0.99

0.56

1.67

1.24

Uplands

RMSE

0.65

Difference
(mm)
0.30

15m SDE
threshold
METRICMTN
(mm day-1)
0.77

Difference
(mm)
0.23

0.65

0.77
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Figure 16. May 5, 2004 daily evapotranspiration (ET) estimates from METRICTM flat model (FLT: a) and
mountain model (MTN30: with a 30m SDE threshold (b) and MTN15: a 15m SDE threshold (c)) image
processing results from the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska in
2004. The differences in ET estimation from FLT to MTN30 (d) MTN15 (e) are displayed (a negative
(positive) value means that the estimation from MTN30 or MTN15 is less (greater) than the estimation from
FLT).

Figure 17. Energy balance at the subirrigated meadow (a), dry valley (b) and upland dune (c) BREBS
locations on May 5, 2004 at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska
(30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in MTN30 and
MTN15 model runs)
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Figure 18. Soil heat flux (a), sensible heat flux (b) and latent heat flux (c) for all image dates at
subirrigated meadow at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska
(30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in MTN30 and
MTN15 model runs)

estimation is more than 5% greater in MTN30 and MTN15 than in FLT among all images
processed in this study and the only time when the subirrigated meadow G calculation
follows eq. 85 which is potentially the reason for such a high estimation on this date. This
is most likely due to the low LAI estimation (0.49) at this site and time (Figure 14). With
an LAI estimation of less than 0.50, G in MTN30 and MTN15 then follow eq. 84 which
boosted G in both MTN results (Figure 17a and 18a). Our results show that 80 Wm-2
more energy was partitioned to G in MTN30 and MTN15, which is at the expense of H and
LE (Figure 17a, Figure 18). Because this image was captured on a hot, windy day (Table
7) and vegetation is still beginning annual development. This leaves a lower proportion of
energy to be consumed by LE in MTN30 and MTN15 versus in FLT. Here, only 50 Wm-2
(9%) was consumed by H in MTN30 and in MTN15, compared to 97 Wm-2 (16%) in FLT.
Although H estimation decreased by 47 Wm-2 (7%), the increase in G in MTN30 and
MTN15 (15% more) is large enough to decrease remaining energy left by 67 Wm-2 for LE
to 344 Wm-2 (59%), whereas LE consumes 411 Wm-2 (67%) in FLT (Figure 17a and
Figure 18c). ETrF values in the immediate vicinity of the BREBS-Meadow location from
all models were lower than that of mature alfalfa (~1.05) where FLT, MTN30 and MTN15
differ with average values of 0.54, 0.45 and 0.45, respectively (Table 9). Observing the
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range of ETrF values from each model, the GSRL subirrigated meadow has areas that
exhibit qualities of newly developing alfalfa without water stress (Table 9). From these
results, FLT, MTN30 and MTN15 accurately estimate latent heat flux partitioning in the
spring cool-season just after the annual growing season commenced in April although
differently; FLT overestimated the BREBS-Meadow observation (4.65 mm day-1) by 1.02
mm with 5.67 mm day-1 while MTN30 and MTN15 only overestimated the BREBSMeadow observation by 0.13 mm day-1 with 4.78 mm day-1 (Figure 16; Table 8).
Table 9. Resulting estimations of evaporative fraction (ETrF) from image processing of METRICFLT and
METRICMTN at the subirrigated meadow, dry valley and upland dune BREBS sites during 2004. The ranges
of values exhibited by each land cover type in the immediate vicinity of the BREBS stations are listed
below.

Although less Rn is estimated in MTN30 and MTN15, more energy (80 Wm-2) is
partitioned to G at the expense of H and LE on this date. Resulting ET estimations
decreased by 0.89 mm day-1 from FLT to MTN30 and MTN15. After extracting ET rates
from all subirrigated meadows within the image, FLT averaged 6.70 mm day-1 (ETrF =
0.63) while MTN30 and MTN15 only averaged 6.08 mm day-1 (ETrF = 0.57) and 6.10 mm
day-1 (ETrF = 0.57), respectively, on this image date (Table 10). This is an indication that
either (a) the subirrigated meadow at the GSRL is consuming less water than the average
(BREBS-Meadow = 4.65 mm day-1) for the subirrigated meadow/emergent wetland land
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Table 10. Evapotranspiration (ET) and the fraction of reference ET (ETrF) estimates and standard
deviations from extracting specific Nebraska GAP Analysis land cover delineations within the Sand Hills
region in path 32, row 31 of the Landsat orbit (Units are mm day-1).

cover type, (b) the delineation of land cover in the GAP Analysis potentially contains
some pixels that are misrepresented such that open water pixels are delineated as
subirrigated meadows/emergent wetlands, or (c) very little water is lost to soil
evaporation due to the last precipitation event occurring 13 days prior to image
acquisition. Because FLT overestimated the BREBS-Meadow observation by a larger
amount during this spring image, MTN30 and MTN15 are better suited to estimate latent
heat flux at the GSRLsubirrigated meadow on this date.
In the dry valley (lowland tallgrass prairie) at the GSRL, the hydrology and
vegetative community differs such that there are different species in the valley bottom (at
the BREBS-Valley location) versus the flanking areas that are transitioning into the
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upland Sandhills prairie. The abundance of C4 species on these flanks is due to a greater
abundance of sand in the soil profile compared to the valley bottom (Gosselin et al.
2006). This allows for the C4 species to maintain a competitive advantage with their
deeper-reaching root systems because water will infiltrate faster and further to where C3
species are unable to capitalize. Soil water at this time is at or near field capacity due to
high spring precipitation (Figure 6; Table 4) and, potentially, the geographic/topographic
characteristics that creates accumulation of soil water at the BREBS-Valley location. The
initial development of a mixture of C3 and C4 vegetative species in the dry valley is due
to the nearing onset of the summer “warm-season”. This is supported by relatively low
NDVI (0.41) and LAI (0.49) in Figures 13-14. At this time NDVI and LAI estimations are
virtually identical to the subirrigated meadow indicating that the main controls between
ET in the subirrigated meadow and dry valley at this point are soil moisture and
precipitation events.
Dry valley energy partitioning on this image date shows that less Rn is estimated
by MTN30 and MTN15 with 541 Wm-2 compared to FLT with 600 Wm-2; 4% less is
partitioned to G with 95 Wm-2 (18%) in MTN30 and MTN15, versus 132 Wm-2 (22%) in
FLT; 12% less is partitioned to H with 258 Wm-2 (48%) versus 357 Wm-2 (59%) in FLT;
but 16% more is partitioned to LE with 188 Wm-2 (35%) versus 111 Wm-2 (18%) in FLT
(Figure 17b and Figure 19). The resulting difference in ET estimation from FLT to
MTN30 and MTN15 in the dry valley is an increase of 0.94 mm day-1 on this image date.
FLT estimated 1.59 mm day-1 of ET, while MTN30 and MTN15 estimated 2.62 mm day-1
and 2.61 mm day-1, respectively (Table 8). Although 59 Wm-2 less Rn is estimated from
MTN30 and MTN15 to FLT, 16% more energy is partitioned to LE at the expense of G
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(4% less), and H (12% less) on this date. Estimations of ET on May 5, 2004 indicate that
FLT, MTN30 and MTN15 are all within 1 mm of the BREBS-Valley observation of 2.65
mm with 1.59 mm and 2.62 mm and 2.61 mm, respectively (Figure 16;Table 8) (ETr =
10.6 mm day-1 for alfalfa reference). Here, both models underestimated the observation
although the adjustments employed in MTN30 and MTN15 resulted in a much smaller
difference (difference from observation: FLT = 1.0 mm, MTN30 = 0.03 mm, MTN15 =
0.04 mm) (Figure 16; Table 8). ETrF values for FLT and MTN are 0.15 and 0.25,
respectively, which explains why the final ET estimations by MTN30 and MTN15 are
roughly 1 mm greater than that from FLT (Table 9). Table 10 shows that lowland

Figure 19. Soil heat flux (a), sensible heat flux (b) and latent heat flux (c) for all image dates at dry valley
at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska (30mSDE and 15mSDE refer
to the two thresholds of standard deviation in elevation (SDE) in MTN30 and MTN15 model runs)

tallgrass prairies average 3.14 mm day-1 (ETrF = 0.30) as estimated by FLT, while

MTN30 and MTN15 estimate roughly 0.5 mm day-1 more ET with an average of 3.59 mm
day-1 (ETrF = 0.34) 3.62 mm day-1 (ETrF = 0.34), respectively, across the western Sand
Hills (Table 10).
The upland dune site (upland Sandhills prairie) exhibits a larger portion of
exposed soil and maintains a vegetation community dominated by C4 species and CAMs.
Soil moisture at this site is very limited due to the Valentine fine sand soil association
(Figure 7). NDVI estimation in the upland dune site is roughly half of the value (0.21) for
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the subirrigated meadow and dry valley (0.42), and the sparse vegetation only amounts to
an LAI estimation of 0.15 (Figures 13-14). Energy partitioning results show that although
less Rn (83 Wm-2 less) is estimated by MTN30 and MTN15 with 508 Wm-2 compared to
FLT with 591 Wm-2; 1% more is partitioned to G with 129 Wm-2 (25%) versus 139 Wm-2
(24%) in METRICFLT; 4% less is partitioned to H with 323 Wm-2 (64%) versus 406 Wm-2
(69%) in FLT; leaving 3% more energy to be partitioned to LE in MTN30 with 55 Wm-2
(11%), similarly partitioned in MTN15 with 43 Wm-2 (8%) compared to LE in FLT with
46Wm-2 (8%) (Figure 17c and Figure 20). Regardless of partitioning between G and H,
all ET estimations between models were within 9 Wm-2 of each other on this date.

Figure 20. Soil heat flux (a), sensible heat flux (b) and latent heat flux (c) for all image dates at upland
dunes at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska (30mSDE and
15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in MTN30 and MTN15 model
runs)

In May the upland site (upland Sandhills prairie) experiences very little ET from
day to day. ETrF values from both models were identical (0.08) indicating that ET is very
low (less than 1 mm day-1) for the upland Sandhills priaries in May. In fact, the BREBSUpland observation only recorded 0.54 mm day-1 of ET on this image date (Figure 16;
Table 8) (ETr = 10.5 mm day-1 for alfalfa reference). At the upland dune site, estimations
of ET on May 5, 2004 indicate that FLT, MTN30 and MTN15 are within 1 mm of the
BREBS-Upland observation of 0.54 mm day-1 although all overestimated with 0.67 mm,
0.84 mm and 0.77 mm, respectively (Table 8). Here, all model results overestimate the
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observation although the adjustments employed in MTN30 results in only 0.3 mm
difference while MTN15 results in only 0.2 mm difference (Table 8). FLT, MTN30 and
MTN15 produced very similar results given identical input parameters defined by the hot
and cold pixels although energy was partitioned differently. At this time of year the
upland dune (upland Sandhills prairie) vegetation is primarily awaiting the onset of the
summer warm-season to begin substantial growth and development that requires
increased ET because NDVI and LAI estimations (Figures 13-14) are much lower
compared to the subirrigated meadow and dry valley where a greater abundance of C3
species are present. On this date, FLT estimated that the upland Sandhills prairie across
the western Sand Hills region consumed an average of 1.28 mm day-1 (ETrF = 0.12),
while MTN30 and MTN15 estimated an average of 1.55 mm day-1 (ETrF = 0.15) (Table
10). Both of these spatial average estimates are double that of the BREBS-Upland
observation indicating that either (a) there are areas of upland prairie in the western Sand
Hills region that have more available soil moisture, or (b) that the land cover delineation
for the upland prairies potentially includes pixels with vegetation that have higher
evaporative capability which are not necessarily upland Sandhills prairie. Overall, this
May image captured a time with the second highest maximum temperature (33oC), the
highest ETr for all images (10.8 mm day-1), and the highest wind speed of any image (5.2
ms-1) (Tables 6-7). The model differences in radiation and sensible heat flux calculation
in MTN30 and MTN15 reduce overall Rn and H among all sites on this date. LE is
decreased in the subirrigated meadow due to a greater portion of energy being partitioned
to G; LE is increased in the dry valley at the expense of G and H; and LE estimation is
relatively constant between models in the upland dunes because the decrease in Rn is
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compensated by a reduction in H, leaving G and LE roughly the same from FLT to
MTN30 and MTN15.
Figures 16d and 16e display that MTN30 and MTN15 produce similar results at the
locations of the BREBS but results from FLT estimate less ET in particular areas, such as
steep (>5o) slopes. Further exploration into the causes of these changes in areas distant
from our ground-truth points (BREBS) should be addressed in future research. A
sensitivity analysis of model components will help explain the intricate differences that
cause changes in these areas. For the purposes of this research, we have chosen to focus
on our point estimates of ET at the BREBS locations and also the spatial average of ET
for each land cover represented by those BREBS locations within path 32, row 31 of the
Landsat orbit.
3.2

June 22, 2004
The June 22 (DOY 174) image (Landsat 5) analyzed was captured at a time four

days after the most recent precipitation event of 11mm (Figure 5). Therefore, soil
moisture in the subirrigated meadow has been replenished at the time of this image
capture. On June 22, the BREBS-Meadow site experienced a nearly doubled NDVI
estimation to 0.69 and a nearly quadrupled LAI estimation to 2.38 compared to the May
image (Figures 13-14). Although the range of ETrF values approaches that of mature
alfalfa (1.05) with a range of 0.50 – 0.94 in the subirrigated meadow, ETrF estimations
by FLT, MTN30 and MTN15 at the BREBS-Meadow location remain lower at 0.67, 0.75
and 0.75, respectively (Table 9). This is an indication that the subirrigated meadow
vegetation is growing/developing rapidly with the onset of the summer warm-season, but
has yet to reach that of fully mature alfalfa. On this date, the BREBS-Meadow estimated
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its highest ET rate among all images with 6.10 mm day-1 (Table 8) (ETr = 8.0 mm day-1).
Comparing the BREBS observations to FLT (Figure 21a) and the two MTN (Figure 21b
and 21c) results reveal some differences in ET estimation (Figure 21d and 21e). Energy
partitioning results show that although less Rn (24 Wm-2 less) is estimated in MTN30 and
MTN15 (642 Wm-2) compared to FLT (666 Wm-2), roughly similar proportions are
partitioned to G with 54 Wm-2 (8%) versus 57 Wm-2 (8%) in FLT; 7% less is partitioned
to H with 194 Wm-2 (30%) versus 246 Wm-2 (37%) in FLT; which leaves 7% more to be
partitioned to LE in MTN30 with 394 Wm-2 (61%) and in MTN15 with 395 Wm-2 (61%)
compared to LE in FLT with 363 Wm-2 (54%) (Figure 22a and Figure 18). Therefore, ET
estimations using MTN30 and MTN15 are 7% (0.61 mm day-1) higher than FLT due to
reductions in energy partitioning to H (7% less). ET estimations by FLT, MTN30 and
MTN15 all underestimated the BREBS-Meadow observation of 6.10 mm day-1 with 5.56
mm day-1, 5.96 mm day-1 and 5.98 mm day-1, respectively (Table 8). Increasing C4
biomass and C3 species near or at physiological maturity at this time explains the
increases in NDVI, LAI, ETrF and ET estimations at the subirrigated meadow.
Furthermore, across the western Sand Hills region of path 32, row 31 of the Landsat
imagery analyzed, FLT estimated that the subirrigated meadows averaged 4.86 mm day-1
(ETrF = 0.61), while METRICMTN30 and METRICMTN15 estimated 4.72 mm day-1 (ETrF =
0.59) and 4.71 mm day-1 (ETrF = 0.59), respectively (Table 10).
The onset of the warm-season enhances vegetative development in the dry valley
(lowland tallgrass prairie) and upland dune (upland Sandhills prairie) sites but this image
occurred at the beginning of the summer so NDVI and LAI estimates do not increase
substantially (Figures 13-14) at those locations. Even though soil moisture is beginning to

153

Figure 21. June 22, 2004 daily evapotranspiration (ET) estimates from METRICTM flat model (FLT: a) and
mountain model (MTN30: with a 30m SDE threshold (b) and MTN15: a 15m SDE threshold (c)) image
processing results from the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska in
2004. The differences in ET estimation from FLT to MTN30 (d) MTN15 (e) are displayed (a negative
(positive) value means that the estimation from MTN30 or MTN15 is less (greater) than the estimation from
FLT).

Figure 22. Energy balance at the subirrigated meadow (a), dry valley (b) and upland dune (c) BREBS
locations on June 22, 2004 at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska
(30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in MTN30 and
MTN15 model runs)
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deplete, it remains above the permanent wilting point on this date (Figure 6). ETrF differs
between FLT, MTN30 and MTN15 with 0.25, 0.31 and 0.31, respectively (Table 9).
Energy partitioning results show that although less Rn (67 Wm-2 less) is estimated in
MTN30 and MTN15 with 582 Wm-2 compared to FLT with 649 Wm-2; 1% more is
partitioned to G with 85 Wm-2 (15%) versus 89 Wm-2 (14%) in FLT; 3% less is
partitioned to H with 335 Wm-2 (58%) versus 392 Wm-2 (61%) in FLT; leaving roughly
2% more energy to be partitioned to LE in MTN30 and MTN15 with 162 Wm-2 (28%)
compared to 168 Wm-2 (25%) of LE in FLT (Figure 22b and Figure 19). MTN30 and
MTN15 results suggest the consequence of similar energy partitioning to G and less to H
(3% less) allows for excess energy (2% more) to be partitioned to LE in the dry valley
(lowland tallgrass prairie) on this image date. Ranging from 0.8 – 3.0 mm day-1, the
BREBS-Valley estimated ET rate is 2.92 mm day-1 while FLT, MTN30 and MTN15
estimated 2.4 mm day-1, 2.5 mm day-1 and 2.5 mm day-1, respectively (Figure 21;Table
8). Here, FLT underestimated ET by a greater portion (0.53 mm day-1) than MTN30 and
MTN15 (0.42 mm day-1 and 0.42 mm day-1, respectively) (Table 8). Lowland tallgrass
prairies on this date averaged 3.73 mm day-1 (ETrF = 0.47) across the western Sand Hills
region using FLT, while MTN30 and MTN15 estimated an average of 4.21 mm day-1
(ETrF = 0.53) and 4.16 mm day-1 (ETrF = 0.52), respectively (Table 10). The BREBSValley observation of 2.9 mm day-1 is less than the spatial average indicating that either
(a) there are other lowland tallgrass prairies with greater moisture availability on this
date, or (b) that some land cover pixels (with higher ET rates) are misrepresented as
lowland tallgrass prairie.
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At the upland dune site (upland Sandhills prairie), soil moisture is not below the
permanent wilting point although it is very limited in the upland areas due to the
extensive depth to groundwater and reliance on precipitation pulses for recharge. On this
date the C4 and CAM species are beginning development which is noticeable in the
increase in NDVI estimation (0.30) from the previous image (0.21). LAI estimations do
not increase higher than 0.26 all year long, but on this date reaches 0.18 (Figures 13-14).
Therefore, there seems to be a ‘green-up’ period where the C4 and CAM species increase
photosynthetic activity but do not generate substantial biomass. Energy partitioning
results show that although less Rn (88 Wm-2 less) is estimated in MTN30 and MTN15 with
563 Wm-2 compared to FLT with 651 Wm-2; 4% more is partitioned to G with 125 Wm-2
(22%) versus 120 Wm-2 (18%) in FLT; 3% less is partitioned to H with 313 Wm-2 (56%)
in MTN30 and 313 Wm-2 (56%) in MTN15 versus 379 Wm-2 (58%) in FLT; which results
in 1% less partitioned to LE in MTN30 with 124 Wm-2 (22%) and in MTN15 with 122
Wm-2 (22%) compared to 152 Wm-2 (23%) in FLT (Figure 22c and Figure 19). The
resulting ET estimation from FLT is 2.33 mm day-1, while estimates from MTN30 and
MTN15 are 2.02 mm day-1 and 1.95 mm day-1, respectively. The BREBS-Upland observed
only 1.27 mm day-1 on this date indicating that all METRIC models overestimated the
observed ET on this date but MTN15 was closest due to decreased Rn and partitioning of
H and G. Upland Sandhills prairies on this date averaged 3.10 mm day-1 (ETrF = 0.39),
3.36 mm day-1 (ETrF = 0.42) and 3.31 mm day-1 (ETrF = 0.41) estimated by FLT,
MTN30 and MTN15, respectively (Table 10). These values are more than double the
observed rate of 1.3 mm day-1 although still far less than the alfalfa reference value (ETr)
of 8.0 mm day-1 on this date. The fact that all model results are lower at the BREBS-
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Upland location than the spatial average for the entire western Sand Hills within path 32,
row 31 may be an indication of (a) a greater limitation in moisture availability at the
BREBS-Upland site compared to other upland areas, or (b) that the land cover
delineations are potentially contaminated with pixels that are not upland Sandhills prairie
which can increase the average ET rate for the region even higher because most other
land cover types in the region exhibit a decrease in water limitation compared to the
upland prairie versus than the one observation at the GSRL BREBS-Upland location in
this study.
Overall, the two different models estimate ET within 1 mm in almost this entire
image, which is encouraging when analyzing model consistency between FLT and MTN.
This image captures a period where the C4 vegetation is beginning to increase
physiological activity. Since precipitation occurred less than five days prior, at least some
residual soil moisture is present in all sites, including the upland areas (Figures 5-7). Both
models were able to capture this although MTN30 and MTN15 increased ET in the
subirrigated meadow and upland dune sites, but decreased ET in the dry valley (Figure
21d and 21e). The only areas where MTN30 and MTN15 reduced ET estimates
substantially (more than 1.5 mm) were on some steep (>5o) slopes to the north of the
subirrigated meadow and in Phipps Lake which is located due south of the subirrigated
meadow, roughly 2 km away (Figure 1). Similar to the May image, MTN30 and MTN15
estimated substantial increases in ET (more than 1 mm) in areas with steep (>5o) slopes
along the subirrigated meadow’s northern boundary and along the South Branch of the
Middle Loup River (Figures 1, 21d and 21e). As previously stated, further exploration
into the causes of these changes should be addressed in future research. A sensitivity
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analysis of model components will help explain the intricate differences that cause these
changes from image to image throughout the year. For the purposes of this research, we
have chosen to focus on our point estimates of ET at the BREBS locations and also the
spatial average ET for each land cover represented by those BREBS locations.
3.3

July 8, 2004
The last Landsat 5 image processed in this analysis occurred on July 8 (DOY

190). The most recent precipitation events amounted to 21mm on July 3 and 4 (Figures 57). In the subirrigated meadow, soil moisture in the root zone begins to increase back
toward field capacity after this recent precipitation. The AWDN data recorded a
precipitation event on this image date (23 mm) but it did not occur until after the image
was acquired. Therefore, this precipitation information was not included in calibration of
the weather data for analyzing this image. Rather, the previous day’s information was
employed. At the beginning of July, LAI and NDVI in the subirrigated meadow reach the
maximum for the 2004 image processing analysis with 3.0 and 0.3, respectively (Figures
13-14). This implies that the C4 vegetation is rapidly increasing photosynthetic activity
and accumulation of biomass. In terms of ETrF, the GSRL subirrigated meadow exhibits
characteristics of vegetation that is behaving similar to mature alfalfa with a range of 0.85
– 1.05. FLT, MTN30 and MTN15 ETrF values in this image analysis are at the 2004
maximum of 0.99 and 1.00, respectively, with a range of 0.85 – 1.05 (Table 9).
Therefore, although this is not a conventionally irrigated plot of alfalfa, the subirrigated
meadow vegetation is partitioning energy to latent heat flux in a similar fashion
throughout GSRL meadow. Comparing BREBS observations to FLT (Figure 23a) and the
two MTN models (Figure 23b and 23c) results some differences in ET estimation (Figure
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23d and 23e) become revealed. Energy partitioning results show that although less Rn (11
Wm-2 less) is estimated by MTN30 and MTN15 with 620 Wm-2 compared to FLT with 631
Wm-2; similar proportions of energy are partitioned to G with 44 Wm-2 (7%) versus 45
Wm-2 (7%) in FLT; and no energy is partitioned to H in MTN30 and MTN15 or FLT
(Figure 24a; Figure 18). Because no energy is partitioned to H and similar amounts are
partitioned to G, LE is virtually the same in MTN30 with 577 Wm-2 (93%) and in MTN15
with 576 Wm-2 (93%) compared to FLT with 586 Wm-2 (93%) (Figure 24a and Figure
18). FLT, MTN30 and MTN15 all overestimated ET (range of 5.5 – 6.9 mm day-1) on this
date with 6.68 mm day-1, 6.74 mm day-1 and 6.74 mm day-1, respectively, compared to
the BREBS-Meadow observation of 5.82 mm day-1 (Table 8). Consumption of energy on
a level of greater than 90% indicates that vegetation present is taking advantage of (a) air
temperatures within range for both C3 and C4 species' development, and (b) virtually
unlimited soil moisture that allows for partitioning of virtually all energy to LE, very little
to G, and none to H. Interestingly, this marks the maximum ET for the season estimated
by all METRICTM models for the subirrigated meadow while the maximum observed ET
in by the BREBS-Meadow occurred on the previous image date. The day after this July
image was captured, a month-long harvest of the subirrigated meadow commenced (July
9 – August 7, DOY 191 - 220) (Applegarth 2011). Also, this plot is cut opportunistically
when the vegetation is mature and the soil conditions allow necessary harvesting
machinery to complete the harvest. In the entire Sand Hills region encompassed in path
32, row 31 of the Landsat orbit, average ET estimated by FLT was 5.39 mm day-1 (ETrF=
0.80),while MTN30 and MTN15 estimated 5.01 mm day-1 (ETrF = 0.74) (Table 10). These
averages are very near the BREBS-Meadow observation of 5.8 mm day-1 (Table 8)
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Figure 23. July 8, 2004 daily evapotranspiration (ET) estimates from METRICTM flat model (FLT: a) and
mountain model (MTN30: with a 30m SDE threshold (b) and MTN15: a 15m SDE threshold (c)) image
processing results from the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska in
2004. The differences in ET estimation from FLT to MTN30 (d) MTN15 (e) are displayed (a negative
(positive) value means that the estimation from MTN30 or MTN15 is less (greater) than the estimation from
FLT).

Figure 24. Energy balance at the subirrigated meadow (a), dry valley (b) and upland dune (c) BREBS
locations on July 8, 2004 at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska
(30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in MTN30 and
MTN15 model runs)
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indicating that most subirrigated meadows are consuming the abundant soil water
available throughout the Sand Hills region near the alfalfa reference rate (ETr = 7.5 mm
day-1 on this date) at this time.
Due to the heightened water use efficiency of the vegetation in the dry valley
(lowland tallgrass prairie), ET estimations increase although LAI and NDVI estimations
remain relatively constant from the June image to this one in July (Figures 13-14). NDVI
remains constant at 0.44, while LAI only increases from 0.57 to 0.58. In terms of ETrF,
the dry valley exhibited a range of 0.35 – 0.60 (0.55 at the BREBS-Valley location),
which could be due to sporadic recharge to soil moisture from June precipitation. Energy
partitioning results show that although less Rn (59 Wm-2 less) is estimated by MTN30 and
MTN15 with 560 Wm-2 compared to FLT with 619 Wm-2; 2% less is partitioned to G with
74 Wm-2 (13%) versus 91 Wm-2 (15%) in FLT; 5% less is partitioned to H in MTN30 with
169 Wm-2 (30%) and MTN15 with 169 Wm-2 (30%) versus FLT with 218 Wm-2 (35%);
resulting in 7% more being partitioned to LE in MTN30 with 318 Wm-2 (57%) and MTN15
with 318 Wm-2 (57%) versus FLT with 310 Wm-2 (50%) (Figure 24b and Figure 19).
Because less energy is partitioned to G and H, the extra energy is partitioned to LE in
MTN30 and MTN15 resulting in an increase in ET estimation by 0.14 mm day-1. ET
estimations from the GSRL dry valley range from 2.3 – 3.9 mm day-1. FLT, MTN30 and
MTN15 all underestimated ET around the BREBS-Valley location with 3.54 mm day-1,
3.68 mm day-1 and 3.68 mm day-1, respectively, while the BREBS-Valley observed 4.46
mm day-1 of ET on this date (Table 8). Throughout the Sand Hills region within the
image, average ET estimations for the lowland tallgrass prairies from FLT is estimated at
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4.08 mm day-1 (ETrF = 0.60), while MTN30 and MTN15 estimated 4.42 mm day-1 (ETrF =
0.65) and 4.39 mm day-1 (ETrF = 0.65), respectively (Table 10).
Similar to the dry valley (lowland tallgrass prairies), the upland dune (upland
Sandhills prairie) C4 and CAM species are now beginning transpiration although not
accumulating substantial biomass. NDVI and LAI estimations remain relatively constant
at 0.30 and 0.17 (Figures 13-14). ETrF values estimated by FLT, MTN30 and MTN15 at
this site (range: 0.16 – 0.65) are 0.42, 0.48 and 0.48, respectively (Table 9). Energy
partitioning results show that although less Rn (80 Wm-2 less) is estimated by MTN30 and
MTN15 with 544 Wm-2 compared to FLT with 624 Wm-2; 5% less is partitioned to G with
83 Wm-2 (15%) versus 126 Wm-2 (20%) in FLT; 4% less is partitioned to H in MTN30
with 197 Wm-2 (36%) and MTN15 with 203 Wm-2 (37%) versus FLT with 253 Wm-2
(41%); resulting in 9% more being partitioned to LE in MTN30 with 264 Wm-2 (48%) and
MTN15 with 258 Wm-2 (47%) versus FLT with 245 Wm-2 (39%) (Figure 24c and Figure
20). ET estimations at the BREBS-Upland location are 2.90 mm day-1, 3.24 mm day-1 and
3.17 mm day-1 from FLT, MTN30 and MTN15, respectively, with a range of 0.5 – 3.4 mm
day-1 (ETr = 7.5 mm day-1) in the immediate vicinity. The BREBS-Upland observed 2.29
mm of ET on this image date which shows that FLT, MTN30 and MTN15 overestimated
ET on this date, although are within 1 mm (Table 8). The closest estimate to the
observation was by FLT on this date (only 0.6 mm difference). When extracted from the
land cover data, the upland Sandhills prairies averaged 3.24 mm day-1 (ETrF = 0.48)
using FLT, while MTN30 and MTN15 estimate 3.60 mm day-1 (ETrF = 0.53) and 3.58 mm
day-1 (ETrF = 0.53), respectively, on this date (Table 10). These results indicate that there
may be areas that are delineated as upland prairie that either (a) exhibit decreased water
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limitation compared to the BREBS-Upland location, or (b) that may be misrepresented as
uplands. The fact that the BREBS-Upland observed lower ET than the model estimates
could be due to precipitation events occurring immediately prior to image acquisition.
ETr is 7.5 mm day-1 on this image date but, although substantial precipitation occurred,
most soil water is lost to runoff or deep percolation. In general, these results are
encouraging for regional analysis during the height of the growing season because the
spatial averages are all within 1.3 mm day-1 of the observation.
Overall, MTN30 and MTN15 increased ET estimations by 0.01 – 1.5 over virtually
the entire study area on this date (Figure 23d and 23e). All increases in the subirrigated
meadow, and other meadows, amount to only 0.5 mm although some edge areas
bordering the subirrigated meadow to the north that have steep slopes (>5o) get increased
to 1.0 - 1.5 mm above FLT. This is potentially due to steep slopes that decrease H, and a
combination of high LAI and NDVI along with cold surface temperatures that increase LE
estimation, although further sensitivity analysis is required for a better understanding of
the model components responsible for these differences. The only areas where ET
estimations were less in MTN compared to FLT were on slopes and in water bodies like
Phipps Lake (Figures 1, 23d and 23e). The spatial averages are useful in determining
regional ET estimates from the different land cover types represented by our BREBS
locations because the spatial averages are all within 1 mm of the observations on this
image date (Tables 8 and 10).
3.4

August 1, 2004
The first Landsat 7 image analyzed occurred on August 1 (DOY 214), which was

five days after the most recent precipitation event (20mm) that occurred on July 27 (DOY
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209). Precipitation was abundant during July, and actually surpassed the 30-year
climatological normal defined by the High Plains Regional Climate Center (HPRCC)
Automated Weather Data Network (AWDN) station at Gudmundsen (HPRCC, 2010).
Although precipitation was abundant enough to replenish soil moisture in the subirrigated
meadow root zone to field capacity (Figure 5), the month-long harvest of the vegetation
impacts energy partitioning. As expected after a harvest, a decrease in NDVI estimation
occurs (0.73 in July to 0.60 here), and a simultaneous decrease in LAI estimation occurs
(3.0 in July to 1.6 here) in the subirrigated meadow at this time (Figures 13-14). Since
this image occurs near the end of the summer, the (warm-season) C4 species that are
dominating transpiration are beginning a phenological phase change toward devoting
more energy toward below-ground biomass and development of reproductive material.
Likewise, although the range of ETrF estimations still remains within that of mature
alfalfa (up to 1.05), estimations from FLT, MTN30 and MTN15 decrease to 0.63, 0.69 and
0.69, respectively, at the BREBS-Meadow location (Table 6). Comparing BREBS
observations to FLT (Figure 25a) and the two MTN (Figure 25b and 25c) results reveal
some differences in ET estimation (Figure 25d and 25e) on this image date.
Energy partitioning results show that although less Rn (21 Wm-2 less) is estimated
by MTN30 and MTN15 with 609 Wm-2 compared to FLT with 630 Wm-2; identical
amounts are partitioned to G with 57 Wm-2 (9%) versus 57 Wm-2 (9%) in FLT; 2% less is
partitioned to H with 332 Wm-2 (54%) in MTN30 and 332 Wm-2 (54%) in MTN15 versus
355 Wm-2 (56%) in FLT; which results in 2% more partitioned to LE in MTN30 with 220
Wm-2 (36%) and in MTN15 with 220 Wm-2 (36%) compared to LE in FLT with 218 Wm-2
(34%) (Figure 26a and Figure 18). The BREBS-Meadow observed 5.16 mm day-1 (ETr =
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Figure 25. August 1, 2004 daily evapotranspiration (ET) estimates from METRICTM flat model (FLT: a)
and mountain model (MTN30: with a 30m SDE threshold (b) and MTN15: a 15m SDE threshold (c)) image
processing results from the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska in
2004. The differences in ET estimation from FLT to MTN30 (d) MTN15 (e) are displayed (a negative
(positive) value means that the estimation from MTN30 or MTN15 is less (greater) than the estimation from
FLT).

Figure 26. Energy balance at the subirrigated meadow (a), dry valley (b) and upland dune (c) BREBS
locations on August 1, 2004 at the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska
(30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in MTN30 and
MTN15 model runs)
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7.1 mm day-1 for alfalfa reference) while FLT, MTN30 and MTN15 results ranged from
0.01 – 8.0 mm day-1 (Table 5), and all underestimated ET with 4.69 mm day-1, 4.88 mm
day-1 and 4.88 mm day-1, respectively, within the subirrigated meadow. Although all
model results underestimate ET compared to the observation, the range of values
increases to the reference level indicating that, although less at the BREBS-Meadow
location, ET is occurring near the potential results for the subirrigated meadow indicate
that MTN30 and MTN15 increased ET by 0.46 mm day-1 at the BREBS-Meadow location.
This increase is potentially due to more energy being left for LE at the expense of H
because G estimates were higher in MTN30 and MTN15. Throughout the subirrigated
meadow at the GSRL, ET estimates increased 0-0.5 mm day-1, but also decreased ET by
the same proportion in other areas presumed to have been harvested. Overall, for all
subirrigated meadows in the western Sand Hills region, model results from FLT averaged
4.54 mm day-1 (ETrF = 0.64), while MTN30 and MTN15 averaged 3.99 mm day-1 (ETrF =
0.56) and 4.00 mm day-1 (ETrF = 0.57), respectively (Table 10). These results indicate
that although all models underestimated ET, MTN30 and MTN15 were closest to the
BREBS-Meadow observation of 5.16 mm day-1. From this finding, the spatial average of
ET for all subirrigated meadows is also roughly 1 mm less than the BREBS-Meadow
observation which must be considered when trying to estimate regional ET from this
particular land cover.
The dry valley (lowland tallgrass prairie) is dominated by C4 species which thrive
in warm-season conditions (Williams, 1974) and, therefore, ET rates are expected to
increase due to the image date coinciding with the height of the summer. Soil moisture at
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the dry valley has been recently replenished during this image (Figure 5) and our results
indicate that seasonal maximum estimations of LAI (1.18) and NDVI (0.53) occur at this
time (Figures 13-14). Energy partitioning results show that although less Rn (29 Wm-2
less) is estimated by MTN30 and MTN15 with 596 Wm-2 compared to FLT with 625 Wm2

; similar amounts are partitioned to G with 59 Wm-2 (10%) versus 62 Wm-2 (10%) in

FLT; 3% less is partitioned to H with 318 Wm-2 (53%) in MTN30 and 317 Wm-2 (53%) in
MTN15 versus 350 Wm-2 (56%) to FLT; which results in 3% more partitioned to LE in
MTN30 with 219 Wm-2 (37%) and in MTN15 with 219 Wm-2 (37%) compared to LE in
FLT with 213 Wm-2 (34%) (Figure 26b and Figure 19). ETrF values estimated from FLT,
MTN30 and MTN15 increase to reach a maximum of all image dates in the dry valley with
a range of 0.17 – 0.77, and averages of 0.60, 0.69 and 0.69, respectively around the
BREBS-Valley location (Table 9). This indicates that the primarily C4 vegetation in the
dry valley are maximizing productivity at this time because the BREBS-Valley observed
a maximum ET of 4.97 mm day-1 (ETr = 7.1 mm day-1), while FLT, MTN30 and MTN15
recorded underestimated values of 4.56 mm day-1, 4.85 mm day-1and 4.85 mm day-1,
respectively (Table 8). Estimated ET from FLT, MTN30 and MTN15 resulted in a range of
1.5 – 4.8 mm day-1, but ET estimation by both MTN models increased 0.29 mm day-1
from FLT estimates in the dry valley (Table 9), decreasing the underestimation of FLT to
MTN30 and MTN15 from 0.41 mm day-1 to 0.12 mm day-1 and 0.12 mm day-1, respectively
(Table 8). Thus, MTN30 and MTN15 improved the ET estimation due to decreased
partitioning to H. Because this image occurred at a time nearing the fall season, the dry
valley vegetation is experiencing a phenological phase change in expending more energy
toward reproductive features that will ensure survival through the upcoming winter
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season. For all lowland tallgrass prairies throughout the western Sand Hills region, FLT
estimated an average of 3.76 mm day-1 (ETrF = 0.53), while MTN30 and MTN15 averaged
3.95 mm day-1 (ETrF = 0.56) and 3.98 mm day-1 (ETrF = 0.56), respectively (Table 10).
Upland (upland Sandhills prairie) vegetation is experiencing the height of
physiological activity at this time. Although increases are minimal, LAI estimation
reaches a maximum at this time with 0.26 (Figure 13) and NDVI estimation also reaches a
maximum of 0.34 (Figure 14). Due to the limited growing season, the upland vegetation
has a restricted time period in which it requires substantial soil water inputs to sustain ET
necessary to support vegetative development. ETrF remains relatively constant from the
July image (Table 9) because this image captures the middle of the small temporal
window that the upland vegetation must capitalize on. Energy partitioning results show
that although less Rn (57 Wm-2 less) is estimated by MTN30 and MTN15 (574 Wm-2)
compared to FLT (631 Wm-2); 7% more is partitioned to G with 136 Wm-2 (24%) versus
107 Wm-2 (17%) in FLT; 1% less is partitioned to H with 342 Wm-2 (60%) in MTN30 and
345 Wm-2 (60%) in MTN15 versus 383 Wm-2 (61%) in FLT; which results in 6% less
partitioned to LE in MTN30 with 95 Wm-2 (16%) and in MTN15 with 92 Wm-2 (16%),
compared to LE in FLT with 142 Wm-2 (22%) (Figure 26c and Figure 20). In the upland
dune site, FLT and MTN30 and MTN15 estimates range from 1.5 – 3.9 mm day-1, with a
resulting 3.05 mm day-1 and 2.26 mm day-1 and 2.19 mm day-1, respectively, in the arraybased averages around the BREBS-Meadow location (Table 8). ET estimation by MTN30
and MTN15 decreased 6% (0.85 mm day-1) from FLT estimates in the upland dune
(upland Sandhills prairie) because 7% more energy was partitioned to G. The BREBSUpland observed a maximum ET rate for the upland dune among all images with 2.46
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mm day -1 (ETr = 7.1 mm day-1) on this image date (Table 8). The spatial average ET for
all upland Sandhills prairie throughout the Landsat image from FLT were 2.89 mm day-1
(ETrF = 0.48), where MTN30 and MTN15 estimated 2.62 mm day-1 (ETrF = 0.37) and
2.65 mm day-1 (ETrF = 0.37), respectively (Table 10). When attempting to make
assessment of spatially distributed ET values from a point location acting as a
representative for all areas with similar land cover (i.e. BREBS, here) these results are
encouraging provided how close the spatial average is to the observation (0.1-0.5 mm
difference).
Overall, MTN30 and MTN15 reduced ET estimates by roughly 0 – 0.5 mm (Figure
25d and 25e). Although a precipitation event of 20 mm occurred only five days
previously, MTN30 and MTN15 estimated less ET than FLT in all areas that are not
heavily vegetated (i.e. upland Sandhills prairie). In the dry valley, ET estimates were
increased by roughly 0.5 mm day-1 (FLT = 3.8 mm day-1, MTN30 = 2.3 mm day-1, and
MTN15 = 2.4 mm day-1); while in the upland dunes they decreased by roughly the same
amount. At this time FLT overestimated the observed ET by 0.59 mm day-1, while
MTN30 and MTN15 underestimated observed ET by 0.19 mm day-1 and 0.26 mm day-1,
which is closer to the BREBS-Upland value of 2.46 mm day-1 (Table 8). Therefore,
MTN30 and MTN15 are best suited for ET estimation on this date.
3.5

August 17, 2004
The second image (Landsat 7) processed is from August 17 (DOY 230), seven

days after the most recent precipitation event (1.2 mm). Net radiation is decreasing at this
time because the Earth’s slow progression in tilting North America away from the sun is
taking place. The seasonal shift in radiation also impacts how the vegetation at each site
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utilizes water. In the subirrigated meadow, the C3 species present increase physiological
activity with the onset of the fall cool-season while the C4 species are entering senescence
because in times of variable soil moisture content, below-ground biomass increases while
above-ground biomass decreases (Fay et al. 2003). NDVI estimation in the subirrigated
meadow increases to 0.63 (Figure 13), while LAI estimation increases to 1.82 (Figure 14).
ETrF values range from 0.42 – 0.84 in the subirrigated meadow but begin to decrease at
this time with averages of 0.53 and 0.61 from FLT to MTN30 and MTN15, respectively at
the BREBS-Meadow location (Table 9). Comparing BREBS observations to FLT (Figure
27a) and the two METRICMTN (Figure 27b and 27c) results reveal some differences in ET
estimation (Figure 27d and 27e).
Energy partitioning results show that although less Rn (24 Wm-2 less) is estimated
by MTN30 and MTN15 with 568 Wm-2 compared to FLT with 592 Wm-2; similar
proportions are partitioned to G with 50 Wm-2 (9%) versus 52 Wm-2 (9%) in FLT; 8%
less is partitioned to H with 174 Wm-2 (31%) in MTN30 and 173 Wm-2 (31%) in MTN15
versus 231 Wm-2 (39%) in FLT; which results in roughly 8% more partitioned to LE in
MTN30 with 344Wm-2 (60%) and in MTN15 with 344 Wm-2 (60%) compared to LE in
FLT with 309 Wm-2 (52%) (Figure 28a and Figure 18). Resulting ET estimations from
FLT, MTN30 and MTN15 range from 1.5 – 6.0 mm day-1 while averages at the BREBSMeadow location result in 4.41 mm day-1, 4.77 mm day-1 and 4.77 mm day-1, respectively
(Table 8). The BREBS-Meadow recorded an observation of 4.63 mm day-1 on this image
date (Table 8). This image marks a time period where the C3 species in the subirrigated
meadow are thriving on the fall cool-season but the C4 species are entering senescence.
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Figure 27. August 17, 2004 daily evapotranspiration (ET) estimates from METRICTM flat model (FLT: a)
and mountain model (MTN30: with a 30m SDE threshold (b) and MTN15: a 15m SDE threshold (c)) image
processing results from the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska in
2004. The differences in ET estimation from FLT to MTN30 (d) MTN15 (e) are displayed (a negative
(positive) value means that the estimation from MTN30 or MTN15 is less (greater) than the estimation from
FLT).

Figure 28. Energy balance at the subirrigated meadow (a), dry valley (b) and upland dune (c) BREBS
locations on August 17, 2004 at the Gudmundsen Sand Hills Research Laboratory near Whitman,
Nebraska (30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in
MTN30 and MTN15 model runs)
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Although the two MTN model results overestimate ET compared to FLT, the difference
is smaller (0.21 mm day-1 difference in FLT versus 0.14 mm day-1 difference in MTN30
and MTN15) and therefore the former are recommended as being better suited to estimate
ET from subirrigated meadows at this time. Resulting spatial averages in ET estimation
throughout the western Sand Hills for all subirrigated meadows from FLT is 2.99 mm
day-1 (ETrF = 0.38) while MTN30 and MTN15 estimated 3.11 mm day-1 (ETrF = 0.40) and
3.11 mm day-1 (ETrF = 0.42), respectively (Table 10). Therefore, these results indicate
that the GSRL subirrigated meadow experienced a heightened ET rate compared to the
rest of the subirrigated meadows in the western Sand Hills region and that MTN30 and
MTN15 are better suited to estimate ET at this time.
In the dry valley (lowland tallgrass prairie), the dominant C4 species are entering
senescence and, therefore, are reducing photosynthetic activity in preparation for the
upcoming fall cool-season. LAI estimation decreases to 0.21 (Figure 14), and NDVI
estimation decreased to 0.32 (Figure 13). ETrF values continue to decrease to a range of
0.01 – 0.79, with 0.35, 0.46 and 0.46 in the resulting average around the BREBS-Valley
location from FLT, MTN30 and MTN15, respectively (Table 9). Energy partitioning
results show that although less Rn (33 Wm-2 less) is estimated by MTN30 and MTN15 with
552 Wm-2 compared to METRICFLT with 585 Wm-2; similar amounts are partitioned to G
with 55 Wm-2 (10%) versus 61 Wm-2 (10%) in FLT; 10% less is partitioned to H with
231 Wm-2 (42%) in MTN30 and 231 Wm-2 (42%) in MTN15 versus 305 Wm-2 (52%) in
FLT; which results in 10% more partitioned to LE in MTN30 with 265 Wm-2 (48%) and in
MTN15 with 265 Wm-2 (48%) compared to LE in FLT with 219 Wm-2 (38%) (Figure 28b
and Figure 19). With diminishing Rn as the year progresses, ET estimates should also
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decrease, and compared to the August 1 value, the BREBS-Valley observed rate was
almost one half of the previous observation with 2.30 mm day-1 (Table 8). ET ranges
from 1 – 4 mm day-1, with a resulting 3.03 mm day-1 3.61 mm day-1 and 3.61 mm day-1 in
the average surrounding the BREBS location from FLT, MTN30 and MTN15, respectively
(Table 8). On this date, FLT overestimated the BREBS-Valley value by 0.72 mm while
MTN30 and MTN15 overestimated the observation by 1.31 mm (Table 8). This is one of
only two instances where the ET estimation from MTN30 and MTN15 are further from the
observation than FLT in the dry valley (lowland tallgrass prairie). This increase in ET
estimate is due to the partitioning of energy away from H (10% less) to LE (10% more) in
MTN30 and MTN15. For all lowland tallgrass prairies (dry valleys) in the western Sand
Hills region in path 32, row 31 of the Landsat orbit, FLT estimated an average of 1.82
mm day-1 (ETrF = 0.23), while MTN30 and MTN15 estimated 2.35 mm day-1 (ETrF =
0.30) and 2.36 mm day-1, respectively (ETrF = 0.33) (Table 10). If the BREBS-Valley is
to be utilized as a representation of all dry valleys, the averages from MTN30 and MTN15
are closer to the observation and, therefore, are better suited to estimate ET across the
landscape, although the best estimation of ET for the BREBS-Valley location on this date
is FLT.
Although soil moisture has been recharged to field capacity (Figure 7), the upland
dune site (upland Sandhills prairie) is experiencing the closure of its small window of
time to remain physiologically active since net radiation is decreasing and air
temperatures will soon to fall low enough for senescence and/or dormancy at that site. An
indication of this is evident in the decrease in LAI estimation (from 0.26 to 0.21) and
NDVI estimation (from 0.34 – 0.32) (Figures 13-14). ETrF displays similar characteristics
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with extremely low values compared to mature alfalfa. ETrF ranges from 0.001 – 0.40
and resulting estimations from FLT, MTN30 and MTN15 are 0.22 and 0.26 around the
BREBS-Upland location, respectively (Table 9). Energy partitioning results show that
although less Rn (55 Wm-2 less) is estimated by MTN30 and MTN15 with 542 Wm-2
compared to FLT with 597 Wm-2; 6% more is partitioned to G with 115 Wm-2 (21%),
116 Wm-2 (21%) in MTN30, versus 92 Wm-2 (15%) in FLT; 10% less is partitioned to H
with 288 Wm-2 (53%) in MTN30 and 290 Wm-2 (53%) in MTN15 versus 378 Wm-2 (63%)
in FLT; which results in 4% more partitioned to LE in MTN30 with 138 Wm-2 (25%) and
in MTN15 with 137 Wm-2 (25%) compared to LE in FLT with 127 Wm-2 (21%) (Figure
28c and Figure 20). Resulting ET estimation from the BREBS-Upland is also decreased
by roughly one half from the August 1 value (2.46 mm on the 1st to 1.22 mm on the 17th).
On this date, FLT, MTN30 and MTN15 overestimated ET in the GSRL uplands with 1.83
mm day-1, 2.04 mm day-1 and 2.01 mm day-1, respectively, where the BREBS-Upland
recorded an observation of 1.22 mm day-1 on this date (Table 8). The average ET for
upland Sandhills prairie (upland dunes) in the entire western Sand Hills region from FLT
is 1.35 mm day-1 (ETrF = 0.17), while MTN30 and MTN15 estimated 1.62 mm day-1
(ETrF = 0.21) and 1.63 mm day-1 (ETrF = 0.22), respectively (Table 10). Thus, on this
date FLT is better suited to estimate ET at the BREBS-Upland location as well as across
the western Sand Hills. Overall, on this image date MTN30 and MTN15 increased most ET
estimations across the study area (Figure 19c; Figure 27d and 27e). On this date, the only
areas where estimations of ET substantially decrease (>1 mm) were in water bodies such
as Phipps Lake, which is due south of the subirrigated meadow and on a few steep (>5o)
slopes (Figures 1, 27d and 27e).
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3.6

September 18, 2004
The last image (Landsat 7) analyzed in this study was captured on September 17

(DOY 262), four days after the most recent precipitation event (17.5 mm). This image
occurred during a time when all grass species are limited in available energy with the
decreasing amount of sunlight over the 24-hour period compared to the previous image
roughly a month earlier. This image was captured at the end of a relatively warm
September on a day with a maximum temperature of 30oC and the second highest wind of
any day beside the very first image (May 5) with 4.2 m s-1 (Table 7). The second highest
monthly precipitation of 2004 occurred during September (83 mm) which was 43 mm
above the climatological 30-year normal (HPRCC, 2010). Soil water had been
replenished near field capacity (Figure 4) in the subirrigated meadow at this time
although energy limitations are most likely limiting transpiration and vegetative water
consumption. LAI estimates at this time increase to 2.15 indicating that the C3 vegetation
in the subirrigated meadow is capitalizing on the available water and energy to continue
photosynthetic activity (Figure 14). Furthermore, NDVI estimation also increases to 0.67
(Figure 13). ETrF ranges from 0.21 – 0.95, and 0.55 and 0.67 from FLT and MTN,
respectively, indicating a vegetative community that is still able to transpire but at a
lesser rate than mature alfalfa, which is expected at this time of year. Comparing BREBS
observations to FLT (Figure 29a) and the two MTN (Figure 29b and 29c) results reveal
some differences in ET estimation (Figure 29d and 29e). Energy partitioning results show
that although less Rn (24 Wm-2 less) is estimated by MTN30 and MTN15 (473 Wm-2)
compared to FLT (497Wm-2); similar energy is partitioned to G in MTN30 and MTN15
with 39 Wm-2 (8%) versus 42 Wm-2 (8%) in FLT; 9% less is partitioned to H in MTN30
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with and 195 Wm-2 (41%) versus 248 Wm-2 (50%) in FLT; 12% less is partitioned to H
in MTN15 with and 179 Wm-2 (38%) versus 248 Wm-2 (50%) in FLT; which results in 9%
more energy partitioned to LE in MTN30 with 238 Wm-2 (50%) compared to LE in FLT
with 207 Wm-2 (41%), and roughly 12% more energy partitioned to LE in MTN15 with
255 Wm-2 (53%) compared to LE in FLT with 207 Wm-2 (41%) (Figure 30a and Figure
18). All ET estimations from FLT, MTN30 and MTN15 were overestimations of the
BREBS-Meadow observation (2.92 mm day-1) with final estimates ranging from 1.5 – 5.0
mm day-1, and 3.70 mm day-1, 4.22 mm day-1 and 4.52 mm day-1, respectively for FLT,
MTN30 and MTN15 in the array surrounding the BREBS-Meadow (Table 8). When
meadows in the western Sand Hills within the Landsat scene, the average ET rates
estimated by FLT is 2.65 mm day-1 (ETrF = 0.42), while MTN30 and MTN15 estimated
2.89 mm day-1 (ETrF = 0.46) and 3.00 mm day-1 (ETrF = 0.48), respectively (Table 10).
Due to ample precipitation in September, the dry valley (lowland tallgrass prairie)
soil profile is recharged near to field capacity, following a drying during August, at on
this image date (Figure 5). Regardless, vegetative development is decreasing which is
evident in decreases estimates of NDVI and LAI (Figures 13-14). The C4 vegetation that
ETrF ranges from 0.001 – 0.46 on this date (Table 9). Energy partitioning results show
that although less Rn (31 Wm-2) is estimated by MTN30 and MTN15 (460 Wm-2) compared
to FLT (491 Wm-2); similar energy proportions are partitioned to G with 53 Wm-2 (12%)
versus 56 Wm-2 (12%) in FLT; 14% less energy is partitioned to H with 302 Wm-2 (66%)
in MTN30 and 21% less in MTN15 with 271 Wm-2 (59%) in MTN15 versus 394 Wm-2
(80%) in FLT; which results in 14% more partitioned to LE in MTN30 with 105 Wm-2

176

Figure 29. September 18, 2004 daily evapotranspiration (ET) estimates from METRICTM flat model (FLT:
a) and mountain model (MTN30: with a 30m SDE threshold (b) and MTN15: a 15m SDE threshold (c))
image processing results from the Gudmundsen Sand Hills Research Laboratory near Whitman, Nebraska
in 2004. The differences in ET estimation from FLT to MTN30 (d) MTN15 (e) are displayed (a negative
(positive) value means that the estimation from MTN30 or MTN15 is less (greater) than the estimation from
FLT).

Figure 30. Energy balance at the subirrigated meadow (a), dry valley (b) and upland dune (c) BREBS
locations on September 18, 2004 at the Gudmundsen Sand Hills Research Laboratory near Whitman,
Nebraska (30mSDE and 15mSDE refer to the two thresholds of standard deviation in elevation (SDE) in
MTN30 and MTN15 model runs)

177

dominates the dry valley is now entering dormancy and reduced transpirational demand.
(23%) and 21% more partitioned in MTN15 with 136 Wm-2 (30%) compared to LE in FLT
with only 42 Wm-2 (9%) on this date (Figure 30b and Figure 19). ET estimations at the
dry valley from FLT, MTN30 and MTN15 resulted in 0.68 mm day-1, 1.91 mm day-1 and
2.47 mm day-1, respectively, while the BREBS-Valley observed 0.72 mm day-1 (Table 8)
(ETr = 6.3 mm day-1 with alfalfa reference on this date). These results display the greatest
difference between model results. Here, MTN15 has overestimated the observation by
1.75 mm day-1, while MTN30 only overestimated the observation by 1.19 mm day-1
(Table 8). Interestingly, FLT results were closest to the observation with an
underestimate of 0.41 mm day-1 on this image date (Table 8). When extracting all
lowland tallgrass prairies in the western Sand Hills region of path 32, row 31 of the
Landsat orbit, ET results from FLT are 1.65 mm day-1 (ETrF = 0.26), while MTN30 and
MTN15 estimated 2.15 mm day-1 (ETrF = 0.34) and 2.37 mm day-1 (ETrF = 0.37),
respectively (Table 10).
The upland dunes are also experiencing a rapid decrease in transpirational
demand. Just as in the dry valley, the C4 vegetation that dominates the upland sand dunes
is now entering dormancy and reduced transpirational demand. ETrF ranges from 0.001 –
0.30 on this date (Table 9). Energy partitioning results show that although less Rn (67
Wm-2 less) is estimated by MTN30 and MTN15 (437 Wm-2) compared to FLT (504 Wm-2);
8% more is partitioned to G in MTN30 with 111 Wm-2 (25%) versus 87 Wm-2 (17%) in
FLT; 6% more is partitioned to G by MTN15 with 102 Wm-2 (23%) versus 87 Wm-2
(17%) in FLT; 8% less is partitioned to H in MTN30 with and 277 Wm-2 (63%) versus
358 Wm-2 (71%) in FLT; 12% less is partitioned to H in MTN15 with and 255 Wm-2
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(58%) versus 358 Wm-2 (71%) in FLT; which results in roughly the same amount of
energy partitioned to LE in MTN30 with 50 Wm-2 (11%) compared to LE in FLT with 60
Wm-2 (12%), and roughly 6% more energy partitioned to LE in MTN15 with 71 Wm-2
(18%) compared to LE in FLT with 60 Wm-2 (12%) (Figure 30c and Figure 20). ET
estimations at the dry valley from FLT, MTN30 and MTN15 resulted in 0.97 mm day-1,
0.99 mm day-1 and 1.67 mm day-1, respectively, while the BREBS-Valley observed 0.43
mm day-1 (Table 8). When extracting all upland Sandhills prairies in the region, average
ET results from FLT are 1.03 mm day-1 (ETrF = 0.16), while MTN30 and MTN15
estimated 1.41 mm day-1 (ETrF = 0.22) and 1.76 mm day-1 (ETrF = 0.28), respectively
(Table 10).
Overall, both MTN models tend to increase ET estimates compared to FLT on this
date. ET estimation only decreased in both MTN models in a few areas such as steep
slopes (>5o) and water bodies like Phipps Lake (Figures 1, 29d and 29e). The MTN
models overestimated the BREBS observations by more than 1 mm so careful
consideration will be required for images analyzed with this model at this time of year.
Image processing results from FLT and both MTN models indicate that all models are
able to estimate ET within 2 mm of all observations (Table 8). When using the same
anchor pixel characteristics (input parameters) as is FLT, most resulting ET estimations
by MTN30 and MTN15 for the subirrigated meadow, dry valley and upland dunes are
within a commonly accepted error (Allen et al. 2007b; Allen et al. 2005; Cleugh et al.
2007; Gowda et al. 2008; Sobrino et al. 2007) of roughly 20% (or one millimeter) of all
three BREBS (Table 8). Regression analysis of the two different model results indicate
that in the subirrigated meadow, FLT has less overall accuracy in predicting ET versus
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MTN30 and MTN15 with resulting root-mean-square-errors (RMSE) (and coefficients of
variation: r2) of and 0.73 mm (0.61), 0.67 mm (0.70), and 0.77 mm (0.60), respectively
(Figure 31). In the dry valley (lowland tallgrass prairie), FLT has less accuracy predicting
ET versus MTN30 and MTN15 with resulting RMSE (and r2) of and 0.70 mm (0.82), 0.81
mm (0.71), and 0.96 (0.59), respectively. Lastly, in the upland dunes (upland Sandhills
prairie) FLT has less accuracy in predicting ET versus MTN30 and MTN15 with resulting
RMSE (and r2) of 0.65 mm (0.92), 0.65 mm (0.78), and 0.77 (0.62), respectively (Figure
31; Table 8). When analyzing these models our results show different predictive
capability (r2) although both models perform well enough to estimate ET within 1.75 mm
(RMSE) of the observations. The smallest difference in RMSE between any two models
is between FLT and MTN30 in the upland dunes where the difference is equal (Figure 31;
Table 8). Therefore, we find that overall the lowest RMSE compared to the observations
were from MTN30 in the subirrigated meadows and upland dune ecosystems. This is an
indication that the adjustments to radiation, wind speed at the blending height, and
stability corrections are improving ET estimation at these locations. The fact that the
upland dunes cover 69% of the land area of the Sand Hills region (Sridhar, 2007) we
conclude that the estimation of ET from the Sand Hills region is most important for the
upland areas. Therefore, MTN30 is selected as the best fit for future studies of this kind
due to its lowest RMSE among the three BREBS sites at the subirrigated meadow, and
because it ties with FLT for the lowest RMSE in the upland areas.
3.7

Details of potential problems with instrumentation and BREBS
configuration.
Attempting to estimate the Bowen ratio in semi-arid regions is difficult due to the

potential for very small temperature and vapor pressure gradients. The BREBS utilized in

180

this study utilize a suite of instrumentation that requires attention in overall bias
estimation. Table 2 outlines details of each instrument although a few issues require
attention. First, the temperature / relative humidity sensors are not mounted on
interchangeable arms. This could be problematic if a systematic error is present in either
of the two sensors. Also, these sensors were calibrated just once per year which leaves
time for a bias to be established and built into the data prior to the proceeding year's
calibration. Therefore, we recommend that future studies utilizing the Bowen ratio
implement interchanging arms as well as a greater temporal frequency of calibration.
Furthermore, the sensors were naturally ventilated versus being aspirated. This could
potentially be problematic if one sensor is shaded or if the radiation shield is heated by
incident solar radiation (Gill 1983). Problems can occur with this configuration because
the highest sensor will be more ventilated, compared to the lowest sensor, according to
the logarithmic wind profile curve. If the sensors are not mounted facing the same
direction the potential for shading and/or discrepancies between the data measured could
exist. Temperature measurements from non-aspirated sensors can have a bias of up to
0.2oC and 0.1oC for wind speeds of 0.1 and 1 ms-1, respectively (Tanner 1979). If there is
a positive bias in the lower sensor on the BREBS system, this will increase the
temperature gradient (dT) and reduce the Bowen ratio. The reduction of the Bowen ration
would then reduce LE estimates and would cause this approach to underestimate ET. To
solve this problem, interchangeable arms would alleviate the need for bias correction.
Second, soil heat flux is measured using soil heat flux plates buried at depths of
0.03 and 0.05 m. Difficulties in maintaining operation of these plates required us to
utilize the best possible data available. This was either (a) data from one of the plates
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because the other was not functioning, or (b) an average of the two different sensors.
Because soil temperature was not measured in the soil above the soil, the heat flux
estimate could potentially be inaccurate, which has compounding effects on the overall
energy balance because of its inclusion in the calculation of overall available energy (Rn
– G). Failure to account for the change in heat storage in this thin soil layer can lead to
significant errors. Mayocchi and Bristow (1995) found that errors as large as 80 Wm-2
can occur if heat storage is ignored. Although, Massman (1992; 1993) found that the
standard calorimetric correction for missing heat storage data may also have an error of +
3-10% itself.
Third, net radiation is one of the most important parameters involved in energy
balance studies. Here we use a Kipp and Zonen NRLite Net Radiometer which has the
potential for error in tilting (off-level) as well as placement of the sensor over vegetation
that is not representative of the environment that it is intended to measure. The BREBS
stations are protected with four metal cattle-guards to prevent livestock from damaging
the instruments and disrupting the area around the instruments. Because of this there is a
potential for error in that the vegetation within the enclosure could be of different height,
roughness, and health than the surrounding landscape. For example, when the
subirrigated meadow is harvested, the vegetation within the BREBS enclosure remains
uncut. This introduces a potential for error in that the surrounding vegetation has been
altered while the net radiation measurements remain constant. Contaminants such as dirt
or fecal matter from avian species can alter measurements entirely if the sensor is totally
covered. If the lens of the net radiometer is dirty, shortwave radiation receipt is reduced
although it could absorb energy and release it as longwave radiation. The uncertainty of
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net radiation measurements, here, are not substantial enough to discredit the comparisons
in this study. Overall, net radiation estimations by both the BREBS and METRIC were
similar and resulting biases are most likely minimal. Furthermore, the measurements
from the three different net radiometers are similar enough to provide us with confidence
that the estimates are accurate even thought they were not calibrated against a higher
precision radiometer like a Campbell Scientific CNR1. In analyzing the individual sites,
net radiation from the subirrigated meadow is highest due to the abundance of water and
vegetative canopy at the surface which has a lower albedo (more energy is absorbed).
This cool surface temperature reduces emitted longwave radiation and, thus, with the
combination of lower albedo and sensible heating from the atmosphere (increasing
incoming longwave radiation), net radiation is increased. The upland site, for instance,
exhibits a much higher surface temperature and loses much more energy to the
atmosphere as emitted longwave radiation as well as reflected shortwave radiation
because of a higher albedo.
Issues with wind speed and direction measurements could be present because
sometimes bearings within the instrument housing lose their lubrication and friction
increases when fine particulate gets inside. This could alter the mechanisms which allow
the cups to spin on the anemometer. A similar problem could occur with the wind vane.
Lastly, there is a potential for error in precipitation measurements due to under-catch by
the tipping bucket. Due to relatively high winds, this issue could be problematic. Also
avian species like to build nests within the funnel of the tipping bucket, while spiders like
to build webs around the tipping mechanism which can impede its ability to tip and
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record a measurement. Thus, instrumentation of all kinds require diligent maintenance
and constant monitoring to ensure the best possible data collection at any site.
4.0

CONCLUSIONS
This research is designed to provide an initial estimate of how different remote

sensing techniques account for the influence of topography on ET estimation at the point
locations where our BREBS reside as well as average regional values for each respective
land cover that the BREBS represent. Differences between results from FLT, MTN30 and
MTN15 indicate that the adjustments to radiation, wind speed and stability are minimal at
the immediate BREBS locations (flat topography) because the adjustments to wind speed
and stability only occur in areas with steep slopes (> 5o) and where the RE3 is high
enough (either 30m or 15m in this study) to evoke the adjustments. In FLT, the earth is
assumed flat, while in MTN30 and MTN15 a DEM is employed to determine slope and
aspect which is implemented in radiation and sensible heat flux calculations. The most
notable differences between FLT and MTN indicate that by including the property of
slope, which adjusts the cosθ calculation and not assuming it to be constant, net radiation
is decreased throughout all images. Energy partitioning then differs in MTN30 and MTN15
by consistently increasing ET estimates from cool meadows and decreasing ET estimates
from open bodies of water and steep warm slopes. Overall the flattest locations in our
study, subirrigated meadows, experienced increased ET estimation although closer to the
observations than FLT.
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Figure 31. Resulting estimations of evapotranspiration from image processing of FLT, MTN30, MTN15 and
Bowen Ratio Energy Balance Systems (BREBS)
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Subirrigated meadows in the Sand Hills of Nebraska display a distinct seasonality in ET.
After spring snowmelt and precipitation, the subirrigated meadow/emergent wetlands are
replenished with soil moisture to the point of field capacity. At the GSRL subirrigated
meadow soil moisture rarely diminished below field capacity indicating virtually no
water limitation to the vegetation present. Average ETrF values for all subirrigaed
meadows in the western Sand Hills region indicate that by midsummer (July) the
combination of C3 and C4 species transpiring in tandem reach a maximum level near that
of mature alfalfa. The maximum average ETrF for all the subirrigated meadows in the
Sand Hills was on July 8 with 0.8-1.05 (mature alfalfa ETrF = 1.05), while the maximum
average ET was 5.4 mm day-1. The maximum ETrF and ET at the BREBS-Meadow
location were also on July 8 with 1.0 and 5.8 mm day-1, respectively. This result is
encouraging for regional analyses given the majority of subirrigated meadows in the
Nebraska Sand Hills are vegetated by natural prairies grasses that rarely reach the full
transpirational capacity of mature alfalfa due to the semiarid climate and soil water
limitations. The reason that ETrF values are lower than the potential rate defined by
alfalfa could also be due to complex interactions between the atmosphere, land surface,
and soil water where the inclusion of sand in the soil profile limits water holding
capacity. MTN30 and MTN15 decrease ET estimation in the subirrigated meadow
compared to FLT in all images and, with the lowest RMSE (0.67 mm day-1), we conclude
that MTN30 is best suited to estimate ET from subirrigated meadows during the growing
season in the Sand Hills of Nebraska.
Dry valley (lowland tallgrass prairie) ET estimation was most difficult to estimate
for all models, which is evident in the highest RMSE of all three sites in any model run.
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The conditions that allow for dry valleys to exist are somewhat difficult to distinguish
across the landscape. The GAP Analysis map utilized Landsat spectral signatures to
determine land cover delineations in 1993 although the dry valleys are comprised of both
short and tallgrass species which may have changed since then. Simply stated, species
composition can vary drastically from one year to the next in dry valleys depending on
local hydrology and climatology. Thus, although we utilize a land cover map to generate
estimates of ET across the landscape, we maintain that careful consideration must be paid
to interpreting our results from all land cover types. For instance, the Sand Hills of
Nebraska is a dynamic landscape where an area that is on the boundary of a ‘wetland’ can
dry-up and become more characteristic of an ‘upland’ prairie within a single growing
season if precipitation and connections to groundwater are lacking. This is very common
for dry valleys (lowland tallgrass prairies) that experience limited influence from
groundwater and encroachment of shortgrass species. Our results indicate that the dry
valleys of the western Sand Hills reach a maximum average ETrF also occurs at the
height of the warm-season on July 8 with 0.7 (ETrF of mature alfalfa = 1.05) and 4.4 mm
day-1 of ET although the timing of maximum ETrF at the BREBS-Valley location does
not occur until the following image on August 1 with 0.69 and 5.0 mm day-1 of ET. This
is primarily due to the abundance of bunchgrasses in the dry valley that utilize the C4
photosynthetic pathway which requires less water and warmer temepratures for optimal
transpiration versus the C3 species that dominate the subirrigated meadow. MTN30 and
MTN15 increase ET estimation in all images in the dry valley although, with the lowest
RMSE (0.81 mm day-1) among models, we conclude that MTN30 is best suited to estimate
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ET from dry valleys (lowland tallgrass prairies) during the growing season in the Sand
Hills of Nebraska.
Roughly 65% of the Sand Hills of Nebraska fall within the upland dune/upland
Sandhills prairie land cover classification which emphasizes the importance of these
areas in regional hydrologic analysis. The upland areas experience the greatest
differences in ET estimation although the degree to which each energy balance
component is altered is unknown until a formal sensitivity analysis is performed. From
our results we find that, overall, the upland areas experience increased ET estimations by
MTN30 and MTN15 compared to FLT in July, at the end of August and in September.
Decreased ET estimations are evident in May, June and the beginning of August. Our
results indicate that the upland dunes of the western Sand Hills reach a maximum average
ETrF also occurs at the height of the warm-season on July 8 with 0.5 (ETrF of mature
alfalfa = 1.05) and 3.6 mm day-1 of ET, and the timing of maximum ETrF at the BREBSUpland location occurs on the same date with 0.45 with 2.3 mm day-1 of ET. Although
estimations both increased and decreased, MTN30 has the lowest RMSE (0.65 mm day-1)
and, therefore, is recommended as the best suited model to estimate ET in the uplands
(upland Sandhills prairie) of the Sand Hills of Nebraska.
The results of this study are encouraging for future analyses that employ remote
sensing technology and in-situ observations of energy partitioning among different land
cover types in the Nebraska Sand Hills region. The radiation adjustments employed in
MTN30 indicate that by dividing the shortwave component into beam, diffuse and terrain
components that the total available energy is more accurately estimated versus assuming
a flat surface of the earth. MTN15 was employed because most of the study area did not
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exhibit a SDE greater than 30, the way the model was originally designed. The use of
SDE is an attempt to describe how topographic composition effects large-scale
atmospheric flow. Thus, we reduced the SDE threshold in order to determine how energy
partitioning would be altered if the adjustments were applied to pixels with lower SDE.
We find that by reducing the SDE threshold MTN15 produced less accurate results (higher
RMSE) than the other two models and is, therefore, not the most accurate representation
of large-scale atmospheric flow in the Sand Hills of Nebraska. In conclusion, both
models (FLT and MTN) perform well although our findings suggest that MTN30 is the
most accurate representation of Nebraska Sand Hills’ regional energy partitioning.
Although a proper sensitivity analysis is warranted, our preliminary results
indicate that MTN30 and MTN15 estimates decreased ET in areas with steep slopes
compared to FLT if the surface temperature is close to, or hotter than, that of the hot
anchor pixel. If the same pixel has a surface temperature close to the cold pixel
temperature, ET estimation seems to be increased in MTN30 and even more in MTN15
because the adjustments to wind speed and stability reduce H in both models (whereby
increasing ET). Figure 14 displays where the RE3 is between 0.1-0.95 (midslope) and
where slopes are greater than 5o, which emphasizes that the locations where ET
estimations are often increased and/or decreased, compared to METRICFLT, are areas
with steep slopes. Future research could extend this research to investigate a sensitivity
analysis to determine exactly which model parameters are most sensitive to ET estimation
in these areas. We also suggest performing this same analysis on multiple temporal scales
spanning a broad spectrum of moisture limitations for comparison to our results from a
year close to climatological normal in a semiarid region. Also, these daily estimates could
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be interpolated to better understand seasonal and, potentially, annual energy partitioning
at this location. More years could then be analyzed for consistency model performance.
Furthermore, to test the sensitivity between these models, a survey of different slopes,
aspects, vegetative conditions, etc. could be sampled and analyzed to improve
understanding of model performance in these varying ecological/hydrological conditions.
Again, a formal sensitivity analysis is required to further expand our understanding of the
model results presented in this research, particularly in understanding differences in ET
estimation specifically along topographic gradients with steep slopes. In this study we
have revealed that the inclusion of radiation, wind speed and stability adjustments have
improved our ability to estimate ET from the major land covers in the Sand Hills of
Nebraska.
Disclaimer: Mention of any trademark, vendor, commercial product, process, or service
by trade name, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement. Any discussion of instrumentation is intended for informational purposes
about this study only.
5.0
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CHAPTER 5: ESTIMATING EVAPOTRANSPIRATION OF
SUBIRRIGATED MEADOW, DRY VALLEY AND UPLAND DUNE
ECOSYSTEMS UNDER DIFFERENT CLIMATE CONDITIONS IN THE
SEMI-ARID SAND HILLS OF NEBRASKA, USA
ABSTRACT
The Sand Hills region (58,000 km2) of Nebraska is a unique system of lakes, (~5%)
wetlands, (~10%) subirrigated meadows, (~20%) dry valleys and (~65%) upland sand
dune ecosystems. Understanding how each of these land cover types reacts to climate
conditions of different water limitations is vital to regional water resource management.
There is a need to enhance knowledge of the ecohydrological impacts of water limitation
for long-term water balance modeling efforts across the Nebraska Sand Hills. Due to the
importance of the underlying High Plains (Ogallala) Aquifer, this study is designed to
employ remote sensing technology (Landsat imagery) and in-situ estimations of
evapotranspiration (ET) in years with different levels of water limitation to see if any
patterns of ET emerge both spatially and temporally. Here, we employ a surface energy
balance model (Measuring Evapotranspiration at High Resolution with Internal
Calibration (METRICTM – Mountain Model)) to better understand how subirrigated
meadows, dry valleys and upland dunes will respond to a ‘normal’ year (2004), a ‘wet’
year (2009), and a ‘dry’ year (2006). METRICTM generates results of ET as well as the
fraction of reference ET (and ETrF) for each pixel, which is similar to a crop coefficient
(Kc). Results indicate that the subirrigated meadows exhibit an ET (and ETrF) range from
4.7-5.8 mm day-1 (0.6 – 0.7). The average ET (and ETrF) values from the dry valley
range from 3.4-4.4 mm day-1 (0.4 – 0.5). The average ET (ETrF) values from the upland
areas range from 2.1-3.0 mm day-1 (0.3 – 0.4). Comparing the overall differences
between observations and model results between years indicate that the smallest
difference (RMSD) for the subirrigated meadows is in 2006 (0.70 mm day-1), while the
largest is in 2009 (1.42 mm day-1). In the dry valley, the largest RMSD between the
observed ET and model results is in 2006 (0.83 mm day-1), while the smallest difference
is in 2009 (0.56 mm day-1). The uplands exhibited the largest RMSD compared to
observed ET in 2006 (2.05 mm day-1), and the smallest in 2004 (0.66 mm day-1).
1.0

INTRDUCTION
The Sand Hills region (58,000 km2) of Nebraska is a unique system of lakes,

(~5%) wetlands, (~10%) subirrigated meadows, (~20%) dry valleys and (65%) upland
sand dune ecosystems. Gosselin et al. (1994; 1999) report that regional geomorphology in
the Sand Hills of Nebraska has the potential for large variation within limited spatial
distances, which influences the organization of hydrologic connections with the overlying
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vegetative structure (Sridhar et al. 2005). Currently, there is a need to quantify the
impacts of climate change on vegetative structure (Fay et al. 2003; Mangan et al. 2004),
hydrology (Christensen and Lettenmaier 2007; Marshall and Randhir 2008) and
agriculture (Easterling et al. 1993; Garg et al. 2001; IPCC 2001; Krupa 2003; Aggarwal
2003; Bhatia et al. 2004). With expectations of increased atmospheric temperatures
enhancing the hydrologic cycle (IPCC 2001), the ecohodrology of semi-arid regions may
shift toward vegetation communities that are more xeric (Knapp et al. 2002).
Understanding the differences in how the xeric upland sand dune and mesic lowland
subirrigated meadow ecosystems respond to increased variability in precipitation timing
and abundance is important for future grassland management (Knapp et al. 2002). This
study is designed to build upon previous work by Healey et al. (2011) to enhance our
knowledge of how remote sensing and ground-based observations can be utilized to
better understand climate impacts on evapotranspiration (ET) in subirrigated meadows,
dry valleys and upland dunes in the semi-arid Sand Hills region of Nebraska. The
objective of this study is to determine how three of the five major land covers
(subirrigated meadows / emergent wetlands, lowland tallgrass prairies and upland dunes
utilize water under different climate conditions.
2.0

MATERIALS AND METHODS

2.1

Study Site Characteristics
This study was conducted at the Gudmundsen Sand Hills Research Laboratory

(GSRL) located near Whitman, Nebraska (Latitude: 42.06°N, Longitude: 101.52°W,
Elevation: 1,098 m above sea level) (Figure 1). The GSRL serves as a ranch for scientific
research on livestock and rangeland management and certain sites within the GSRL are
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seasonally harvested for hay production. Three of the five major land cover types in the
Sand Hills region are represented at GSRL: an interdunal subirrigated meadow, a dry
shortgrass valley and an upland grass-stabilized dune. A micrometeorological station that
implements the Bowen ratio (Bowen ratio energy balance systems: BREBS) approach to
estimate surface energy partitioning are present at each of the previously listed study
sites. The BREBS stations at these sites will be referred to as BREBS-Meadow, BREBSValley, and BREBS-Upland for the subirrigated meadow, dry valley and upland dune
sites, respectively. In order to independently calibrate the METRICTM model, we employ
data from a fourth on-site weather station (High Plains Regional Climate Center
(HPRCC) - Automated Weather Data Network (AWDN) station: Gudmundsen RSRCH,
station ID: a253479). This data was analyzed for quality assurance of input variables
(Appendix A).
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Figure 1. Boundary of the Nebraska Sand Hills and details about the Gudmundsen Sand Hills Laboratory
land cover types with weather station locations. The Bowen ratio energy balance systems (BREBS) are
located in three of the five major land cover types in the Sandhills region (subirrigated meadow-dark
green; lowland tallgrass prairie-orange; Sandhills upland prairie-white)
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The GSRL is located in the heart of the Sand Hills where grass-stabilized sand
dunes create topographic relief on the order of 122m with a predominant orientation of
east-west. The subirrigated meadow and dry valley have neighboring dunes rising
roughly 70 m and 40 m above the meadow and valley floors, respectively. The
subirrigated meadow (BREBS-Meadow Latitude: 42.08°N, Longitude: 101.47°W;
Elevation: 1,087 m above sea level; Dimensions: 6.5 km long and 800 m wide; Slope:
1.1o) is noted by Gosselin et al. (2006) as an area of groundwater discharge, contains the
Gannett-Loup fine sandy loam soil texture (SSURGO 2011; Table 1), and is comprised of
a mixture of C3 and C4 vegetative species including various grasses and alfalfa
(Medicago sativa). This study site is dominated by grassland vegetation yet is similar to a
wetland due to abundant soil water and standing water on top of the soil surface at times.
The distance and direction to the base of the nearest dune formation are 330 m and 0o,
respectively. The distance and direction to the crest of the nearest dune formation are
1km and 290o, respectively. Soil moisture and precipitation for the subirrigated meadow
for 2004, 2006 and 2009 are presented in Figure 2. The dry valley (BREBS-Valley
Latitude: 42.07°N, Longitude: 101.41°W; Elevation: 1,081 m above sea level;
Dimensions: roughly 4 km long and about 600 m wide; Slope: 0o) is a groundwater “flow
through” area with a relatively dry valley surface, exhibits the Elsmere loamy fine sand
soil texture (SSURGO 2011; Table 1), and contains a greater mix of C4 than C3 bunch
grasses. This BREBS-Valley is located near the lowest location within the valley where a
small ephemeral pond/wetland emerges slightly (~300 m) to the east. The distance and
direction to the base of the nearest dune formation are 400 m and 175o, respectively. The
distance and direction to the crest of the nearest dune formation are 1.2 km and 200o,
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respectively. Soil moisture and precipitation for the dry valley for 2004, 2006 and 2009
are presented in Figure 3. Lastly, the upland dune (BREBS-Upland Latitude: 42.06°N,
Longitude: 101.37°W; Elevation: 1,086 m above sea level; Slope: 5.6o) areas primarily
disconnected from the groundwater system, exhibit the Valentine fine sand soil texture
(SSURGO 2011; Table 1), and support a sparsely distributed system of mostly C4 and
CAM vegetative species. The distance and direction to the base of the nearest dune
formation are 200 m and 270o, respectively. The distance and direction to the crest of the
nearest dune formation are 600 m and 125o, respectively. Soil moisture and precipitation
for the upland dunes for 2004, 2006 and 2009 are presented in Figure 4. In the semi-arid
Sand Hills of Nebraska, vegetative species distribution is dependent upon topography,
soil texture, and spatiotemporal precipitation and soil water distribution (Pool 1914;
Barnes and Harrison 1983; Burzlaff 1962; Tolstead 1942). The GSRL exhibits a unique
diversity of native vegetation and this study aims to determine how ET is organized
among different land cover (vegetation community) types using different remote sensing
data processing techniques.
Table 1. Soil water information for the three BREBS locations at the Gudmundsen Sandhills Research
Laboratory near Whitman, Nebraska. WP: Wilting Point, FC: Field Capacity, AW: Available Water (Soil
Water Information Source: Allen et al. 1998; Soil Type Information Source: SSURGO 2011)
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Figure 2. Daily (March – October) 2004 (A), 2006 (B) and 2009 (C) precipitation and soil moisture
measurements from the Automated Weather Data Network (AWDN) station located adjacent to the
subirrigated meadow, at the Gudmundsen Sand Hills Research Laboratory, near Whitman, Nebraska

201

Figure 3. Daily (March – October) 2004 (A), 2006 (B) and 2009 (C) precipitation and soil moisture
measurements from the Bowen ratio energy balance system (BREBS) station located in the dry valley site,
at the Gudmundsen Sand Hills Research Laboratory, near Whitman, Nebraska.
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Figure 4. Daily (March – October) 2004 (A), 2006 (B) and 2009 (C) precipitation and soil moisture
measurements from the Bowen ratio energy balance system (BREBS) station located in the upland dune
site, at the Gudmundsen Sand Hills Research Laboratory, near Whitman, Nebraska.
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2.2

The METRICTM Model
ET estimation is computed through image processing of instantaneous red, near

infrared (NIR) and thermal infrared (TIR) data collected via satellite (i.e. Landsat).
Images are processed such that, through internal calibration, ET is estimated as the
residual of the energy balance (eq. 1). Satellite data processing of this manner, referred to
as the METRICTM Flat Model (FLT), provides information of instantaneous energy
fluxes that are thoroughly explained in Allen et al. (2007a). This study is unique in that
we employ the METRICTM Mountain Model which integrates topography (i.e. slope,
aspect and elevation (Figures 5-7) in computation of energy partitioning. The
fundamental components and applications of METRICTM have been thoroughly outlined
by Allen et al. (2007a; 2007b).
In METRICTM, a digital elevation model (DEM) and computed slope and aspect
data are required. Here, the solar incidence angle and resulting reflectance values are
adjusted for each pixel in the image depending on slope and aspect. Furthermore,
atmospheric transmissivity in METERICTM is calculated as a function of elevation rather
than kept constant. Other adjustments in METRICTM include aerodynamic roughness,
aerodynamic resistance, and wind speed estimation in mountainous regions.
Radiation Balance (Rn)
The first step of image processing is to determine the net surface radiation balance
(Rn). Net radiation from a clear sky may be estimated by balancing net shortwave and
longwave components of the radiation budget:
Rn = Rso↓(1 – α) + Rl↓ – Rl↑ – Rl↓(1 – εo)

(1)
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Figure 5. Slope of the landscape surrounding the subirrigated meadow, dry valley and upland dune sites at
the Gudmundsen Sand Hills Research Laboratory (outlined in black) near Whitman, Nebraska. Data is
derived from a digital elevation model.

Figure 6. Aspect of the slopes around the Gudmundsen Sand Hills Research Laboratory (outlined in black)
near Whitman, Nebraska. Data is derived from a digital elevation model.
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Figure 7. Elevations of the landscape surrounding the subirrigated meadow, dry valley and upland dune
sites at the Gudmundsen Sand Hills Research Laboratory (outlined in black) near Whitman, Nebraska.

where α is shortwave albedo of the surface (dimensionless) for all pixels. It can be
calculated by integrating satellite spectral reflectance values from the shortwave bands 1–
5 and 7 of Landsat satellites. Rso↓ is incoming shortwave radiation (W m-2); Rl↓ and Rl↑ are
incoming and outgoing longwave (thermal) radiation (W m-2), respectively; εo is the
surface emissivity (dimensionless). For more information regarding Rn and G, refer to
Tasumi et al. (2005).
Outgoing Longwave Radiation (Rl↑)
Outgoing longwave radiation (Rl↑) is calculated using the Stephan-Boltzman
equation:
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Rl ↑ = ε o σTs4

(2)

where εo is the surface emissivity (dimensionless); σ is the Stephan-Boltzman constant
(5.67 × 10-8 W m-2 K-4); and Ts is the radiometric surface temperature (K). When leaf area
index (LAI) is less than three, εo = 0.95 + 0.01 LAI. When LAI is greater than or equal to
three εo = 0.98. Ts is calculated from:
Ts =

K2

(3)

⎞
⎛ε K
ln⎜⎜ NB 1 + 1⎟⎟
⎠
⎝ Rc

where K2 and K1 are satellite constants found in Allen et al. (2007a), εNB is narrow band
emissivity calculated as a function of LAI and NDVI (Normalized Difference Vegetative
Index) given by Tasumi (2003). Rc is thermal radiance calculated equation given by
Wukelic et al. (1989).
Incoming Longwave Radiation (Rl↓)
Incoming longwave radiation (Rl↓) is estimated with the following equation:

(

4

) (

Rl ↓ = ε a * σ * Ts _ DEM * f i + eo * σ * Ts _ terrain * f i
4

)

(4)

where Ts_DEM is the lapse corrected surface temperature (K), σ is the Stefan-Boltzmann
constant (5.67*10-8), fi is the sky-view factor for an isotropic condition with downward
diffusive radiation occurring in equal intensity and in all directions (Tian et al. 2001;
Allen et al. 2006), Ts_terrain is the surface temperature of surrounding terrain, εa is the
effective atmospheric emissivity and εo is the broadband surface emissivity:
ε a = 0 .85 (− ln τ sw )0 .09

(5)

where τsw is the broadband atmospheric transmissivity for shortwave radiation (described
later);
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ε o = 0.95 + 0.01 * LAI
(10) The lapse correction to surface temperature (Ts) is administered in METRICTM
by defining the lapse rate in the following equation:
T s _ DEM = T s _ cold − Lapse

(6)

Where Ts_cold is the radiometric surface temperature representing a well-watered
agricultural pixel; and Lapse is the lapse rate defined by the user (normally, 6.5 oK km-1);
Ts_terrain is an estimate of the temperature of an opposing slope by utilizing aspect (A) and
sun azimuth (SA) to get the terrain angle component (ξ):

ξ = (360 − A) *

π

for A < SA

(7a)

for A > SA

(7b)

Ts _ terrain = T s

for slope < 5o

(7c)

T s _ terrain = T s − NS T * cos (ξ )

for slope > 5o

(7d)

ξ = ( A − SA )*

180

π
180

were NST is the temperature difference between north and south facing slopes (oC). The
sky-view factor is calculated based on Tian et al. (2001):
f i = 0.75 + 0.25 * cos (s ) −

0 .5 * s

π

(8)

The first term in eq. 4 describes incoming longwave radiation emitted by the atmosphere,
while the second term describes longwave radiation that is emitted by the surrounding
landscape.
Incoming Rso Estimation on Slopes
Total solar radiation (Rso) for clear sky conditions is calculated by partitioning
total radiation into beam, diffuse and terrain components:
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Rso = RBo + RDo + Rterrain

(9)

where RBo, RDo and Rterrain are the beam, diffuse, and terrain components, respectively.
The beam component is described as follows:
R Bo = K B * S c * d r * cos(θ onslope )

(10)

where; KB is the longwave atmospheric transmissivity for the beam; Sc is the solar
constant (1367 W m-2); cosθonslope is the cosine of the solar incidence angle (from nadir)
on a slope; and dr is the inverse square of the relative earth-sun distance:
⎛ 2π ⎞
d r = 1 + 0.033 cos ⎜
⎟
⎝ 365 ⎠

(11)

The diffusive component on a slope is calculated as follows:

R Do = [K D * S c * d r * cos(θ FLT )]* f i

(12)

where cosθFLT is the cosine of the solar incidence angle (from nadir) on flat terrain; and
KD is the atmospheric transmissivity for diffuse radiation. KB and KD are calculated by
ASCE-EWRI (2005) standardization:
0.4
⎡ − 0.00146 * Pair
⎛ W ⎞ ⎤
K B = 0.98 exp ⎢
− 0.075⎜
⎟ ⎥
⎝ cos θ ⎠ ⎥⎦
⎢⎣ K t cos θ FLT

(13)

K D = 0.35 − 0.36K B

for KB >0.15

(14)

K D = 0.18 − 0.82K B

for KB <0.15

The amount of radiation reflected from adjacent terrain (Rterrain) is calculated as follows
(Allen, 2011):

Rterrain = ( K B + K D ) * S c * d r * cos (θ FLT ) *α terrain * (1 − f i )

(15)
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where αterrain is the average longwave albedo for the terrain facing the slope (Allen 2011),
here equal to 0.2; and the last term (1-fi) is the fraction of the hemisphere of sky that a
pixel does not “see” when on an infinite, smooth, slope (s).
f i = 0.75 + 0.25 cos( s ) −

0 .5 s

π

(16)

Albedo (α)
Albedo (α), or the ratio of the amount of electromagnetic radiation reflected by a
body (surface) to the amount incident upon it (NSIDC 2011), in METRICTM is calculated
through a series of steps. First, the at-satellite reflectance (ρt,b) must be calculated for
each shortwave band, then the spectral radiance (Lb) must be determined. Using a similar
weighting technique to Starks et al. (1991), the equation used in METRICTM for
calculating albedo is as follows:

α = ∑b =1 [ρ s ,b * wb ]
6

(17)

where wb is a weighting coefficient for each band provided by Tasumi et al. (2008). The
weighting coefficients consider the total, potential at-surface radiative energy in the
segment of the electromagnetic spectrum closest to the specific band (Allen et al. 2010).
The coefficients have been validated by Tasumi et al. (2008) over a wide range of
climates and locations across the United States using radiative transfer models testing a
variety of sun angles, elevations, and atmospheric moisture abundance (i.e. humidity).
At-Satellite Reflectance (ρt,b)
The reflectance of energy received at the satellite (ρt,b) is computed according to
Tasumi et al. (2008) and Allen et al. (2007a):

ρ t ,b =

π * Lb
ESUNb * cosθ FLT * d r

(18)
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where the t subscript signifies “top of the atmosphere”, or at-satellite, while the b
subscript signifies the specific shortwave band involved; Lb is the spectral radiance (W m2

μm-1); ESUNb is the mean solar exoatmospheric irradiance for band b (W m-2 μm-1). The

difference employed in METRICTM to calculate ρt,b is a new cosine of the solar incidence
angle (cosθMTN):

ρ t ,b =

π * Lb
ESUNb * cosθ MTN * d r

(19)

Incoming Shortwave Transmittance ( τ in,b )
Incoming transmittance of shortwave radiation for each Landsat band (b) in FLT
is calculated with the following equation:

⎡

C2 * Pair
C W + C4 ⎤
− 3
⎥ + C5
K
*
cos(
θ
)
cos(
θ
)
FLT
FLT ⎦
⎣ t

τ in,b = C1 exp⎢

(20)

where all C values are derived from Tasumi et al. (2008) and presented in Table 2; Kt is
unitless “clearness” coefficient (0 < Kt < 1, where 1 for clean air and 0 for extremely
turbid); Pair is air pressure (kPa); and W is the precipitable water in the atmosphere (mm).

τ in,b is split between direct beam and diffuse components. Coefficients of beam (KB,b) and
Table 2. Calibrated numbers of Cb in Equation 37, 38 and 41; and C1 through C5 for Equations 20, 24 and
25 for Landsat bands (from Tasumi et al., 2008). Dummy values are used for the thermal band
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diffuse (KD,b) shortwave radiation are described in the following equations:

τ in ,b = K D ,b + K B ,b

K B ,b =

τ in ,b−a1,b
1 − a 2 ,b
a 1,b −a 2,b *τ in,b

K D ,b =

1 − a 2 ,b

(21)
(22)

(23)

where a1 = a2 and equal to 0.63, 0.61, 0.62, 0.63, 0.60 and 0.49 for bands 1-5 and 7,
respectively.
Outgoing Shortwave Transmittance ( τ out,b )
Outgoing transmittance of shortwave radiation for each Landsat band (b) is
calculated as follows, respectively:

⎡ C 2 * Pair C 3W + C 4 ⎤
−
⎥ + C5
K
*
1
1
⎣ t
⎦

τ out ,b = C1 exp⎢

⎡ C2 * Pair
C W + C4 ⎤
− 3
⎥ + C5
cos(0) ⎦
⎣ K t * cos(0)

(24)

τ out,b = C1 exp⎢

(25)

Incoming Shortwave Radiation (Rso↓)
Incoming shortwave radiation (Rso↓) can be estimated from:

Rso↓ = S c * cos(θ FLT ) * d r * τ sw

(26)

where τsw is the broadband atmospheric transmissivity for shortwave radiation:

τ sw = τ B + τ D

(27)

Here, τB and τD are the beam (B) and diffuse (D) components, respectively, which are
calculated using equations 15 and 16 where KB and KD are represented by τB and τD ,
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respectively. Total diffuse radiation receipt on a horizontal surface (EDiffuse) and direct
beam (EBeam) radiation on any slope are now calculated using the following equations:
R so ↓ = E Beam + E Diffuse
E Diffuse =

E Beam =

(28)

K D ,b * ESUN b * d r * cos( θ FLT )

π
K B , b * ESUN

b

(29)

* d r * cos( θ MTN )

π

(30)

Shortwave Radiance Estimation on Slopes (Es,b)
Pixel-specific reflectance (Es,b) in each band (b) is estimated using a decoupled
approach similar to that for broadband radiation described in the previous section, where
total radiance is decomposed into beam (EB,b), diffuse (ED,b), and terrain and (Eterrain,b)
radiance components and the same isotropic model is used (Allen 2011). These separate
components, calculated individually for each band are:
E s ,b = E B ,b + E D ,b + E terrain ,b

E B ,b = K B ,b

(31)

ESUN b * d r cos(θ onslope )
π
cos(s)

E D ,b = f i * K D ,b

(32)

ESUNb * d r cos(θ FLT )
π
cos(s)

Eterrain = (K B,b + K D,b ) *

ESUNb * d r

π

* cos(θ FLT ) * ρ s,terrain,b *

(33)

(1 − f i )
cos(s)

(34)
where ρs,terrain,b is the reflectance of the opposing terrain calcluated as follows:
ρ s , terrain , b = ρ s ,terrain ,b , nadir (1 + 0 .007 * (90 − κ ) * max (− cos ( γ − γ sun ),0 ))

(35)
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where γsun is the sun azimuth (with the same definitions as for γ); ρs,terrain,b,nadir is the
reflectance of opposing terrain with a nadir view angle; and κ (in degrees) is an estimated
fixed, average view angle from a pixel on a slope onto a plane below.

⎛ tan(s) ⎞
⎟⎟
⎝ 1 + tan(s) ⎠

κ = 90 − tan −1 ⎜⎜

(36)

At-Surface Shortwave Reflectance (ρs,b)
Reflectance of shortwave radiation at the earth’s surface is calculated using each
shortwave Landsat band in the following equation:

ρ s ,b =

ρ t ,b − Cb (1 − τ in,b )
τ in,b *τ out ,b

(37)

where Cb is a calibration coefficient which differs for each band (b) based on Tasumi et
al. (2008) (Table 2). ρs,b is calculated by dividing the reflected radiance (Lb, described in
next section) at the surface by the total radiance at the surface (Es,b) (Allen, 2011).

ρ s ,b

⎛
⎡ π * Lb
0.3 * π * Lb ⎤ ⎞ cos( s )
⎜ max ⎢
C
(
1
)
*
cos(
),
τ
θ
−
−
b
in
,
b
FLT
⎥⎟
⎜
ESUN b * d r ⎦ ⎟⎠ τ out ,b
⎣ ESUN b * d r
⎝
=
cos(θ onslope ) * K B ,b + cos(θ FLT ) * K D ,b * f i + ρ s ,terrain ,b * cos(θ FLT ) * (K B ,b + K D ,b ) * (1 − f i )

[

(38)
Here, the (0.3*π*Lb)/(ESUNb*dr) is used to set a minimum amount of energy assumed to
originate at the earth’s surface that is sensed at the satellite, which is necessary on steep
slopes. If this is not accounted for, the path radiance correction tends to be larger than the
observed signal at the sensor.
Spectral Radiance (Lb)

]
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Spectral radiance (Lb, units of W m-2 µm-1 sr-1) is calculated for Landsat 5 and 7
images in the, older, NLAPS preprocessing system:
⎛ LMAX − LMIN ⎞
Lb = ⎜
⎟ * DN + LMIN
255
⎝
⎠

(39)

Where LMAX and LMIN are calibration coefficients found in each image’s header file;
DN refers to the digital number of each pixel. When Gain and Bias are used in older
Landsat 5 and 7 images:

Lb = (Gain * DN ) * Bias

(40)

where the Gain and Bias values are found in the image’s header file.
Finally, Lb can be expressed in the three components (Beam, Diffuse, and Terrain)
plus path radiance using equation 44 (Allen, 2011):
L b = ρ s ,b (E B ,b + E D ,b + E terrain ) * τ out ,b +

C b (1 − τ in , b ) * ESUN

b

* cos( θ FLT ) * d r

π

(41)
Sensible Heat Flux (H)
Sensible heat flux (H) is derived from a momentum flux equation for each pixel in
a satellite image (Allen et al. 2010):

H = ρairCp

b + aTs _ DEM

(42)

rah

where a and b are coefficients calibrated for each image determined by 'hot' and 'cold'
anchor pixels (described later); Cp is air specific heat (1004 J kg-1 K-1); ߩair is air density
(kg m-3) is approximated using:

ρ=

1000P
1.01 Ts − (b + aTs _ DEM ) R

[

]

(43)
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where R is the specific gas constant (287 J kg K-1); Ts is the surface temperature (K); and
P is mean atmospheric pressure (kPa) calculated as:

⎛ 293 − 0.0065z l ⎞
P = 101.3⎜
⎟
293
⎝
⎠

5.26

(44)

where zl is the elevation of each pixel above sea level (m). rah is the aerodynamic
resistance to heat flow (s m-1) determined using iterative Monin Obukhov air stability
corrections:
⎛z ⎞
ln⎜⎜ 1 ⎟⎟
z
rah = ⎝ 2 ⎠
u* * k

(45)

where z1 and z2 are 0.1 and 2.0 meters, respectively; k is the Von Karmann constant
(0.41); and u* is the friction velocity (ms-1). The sensible heat flux equation (eq. 47) is
difficult to determine because there are two unknowns, dT and rah. To facilitate this
operation, we solve for dT with the selection of anchor pixels where H is reliably
estimated. Then through iterations, assuming neutral atmospheric conditions to begin
with, of both H and rah, a final H estimation is computed.
Adjustment to Momentum Roughness Length (zom) on Slopes
In order to calculate u* , an estimation of momentum roughness length (zom) is
needed. This is calculated using LAI and a land use map for agricultural pixels as:

zom = 0.018 * LAI

(46)

Zom values were assigned where agricultural zom was based on LAI, while other major land
cover classes in the study area were assigned specific values (Barren/Sand/Outcrop =
0.005; Emergent Wetlands = 0.1; Sandhills Upland Prairie, Little Bluestem-Gramma
Mixedgrass Prairie, Western Wheatgrass Mixedgrass Prairie, and Western Shortgrass
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Prairie = 0.02; Sandsage Shrubland, Lowland Tallgrass Prairie, and Upland Tallgrass
Prairie = 0.3; Ponderosa Pine Forests and Woodlands, Deciduous Forest/Woodlands, and
Juniper Woodlands = 0.5; Agricultural Fields = 0.18*LAI). In METRICTM, zom is adjusted
for steep terrain by employing the slope in the calculation. In order to examine
topographical influence on zom, a standard deviation of elevation (SDE; in meters) within
a 3 km circle containing each pixel at the center is calculated (Figure 8). SDE influences
zom and is adjusted because it alters convective mixing and influences aerodynamic
resistance (rah). If the land cover is not open water or agriculture, the following equations
are used for roughness adjustment (zom_adj) (Allen and Trezza, 2011):

⎛z
⎞
zom _ adj = zom + Cz zom _ terrain ⎜⎜ om _ flat + 0.3⎟⎟
⎝ 7
⎠

(47)

where

z om _ terrain

⎛ π min(SDE) ⎞
= z om _ terrain _ maz sin⎜
⎟
200 ⎠
⎝2

3

(48)

Here, SDE is limited to within a 3 km diameter circle containing the pixel at the center
(m); zom is the zom for surface in flat terrain (m); zom_terrain_max , here equal to 3 m, is the
maximum terrain roughness for SDE that is greater than or equal to 200 m; Cz is a
roughness effect factor, here equal to 1.0; and zom_terrain is the additional roughness caused
by the terrain (m).
In the first ‘iteration’ calculating H, the friction velocity ( u* ) for each pixel is computed
as follows:
u* =

kU 200
⎛ 200 ⎞
⎟⎟
ln⎜⎜
z
⎝ om ⎠

(49)
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Figure 8. Standard deviation of elevation with a 3km circle around each pixel around the subirrigated
meadow, dry valley and upland dune at the Gudmundsen Sand Hills Research Laboratory (outlined in
black) near Whitman, Nebraska. Data is derived from a digital elevation model

where the wind speed at the 200m blending height (U200, m s-1) is calculated as:

U 200

⎛ 200 ⎞
⎟⎟
ln⎜⎜
⎝ z om ⎠
= u*
k

(50)

Adjustment to Wind Speed (U) with Topographic Influence
Adjustments to wind speed at an assumed blending height of 200 m (U200) above
the weather station, adjustments are also included to account for impacts of elevation
change within an image. Topographic relief can produce high SDE and wind speed is
increased due to converging atmospheric flow. In this application if SDE is less than 30
m, or between 30 and 50, the following equations are utilized, respectively (Allen and
Trezza 2011):
U 200 _ adj _ 1 = U 200 (1 + C u RE 3 )

(51)
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⎛
⎛ SDE − 30 ⎞ ⎞
U 200 _ adj _ 1 = U 200 max⎜⎜1,1 + Cu RE3 ⎜
⎟ ⎟⎟
⎝ 50 − 30 ⎠ ⎠
⎝

(52)

where Cu is an adjustment coefficient (1.0, here); and RE3 is the relative elevation of a
pixel within a 3 km circle. RE3values for a 3km circle is presented in Figure 9.
Sometimes in sloped areas, terrain can be blocked from wind and, thus, experience
reduced wind speed if on the leeward side. In METRICTM, if the slope is greater than 5o
(on a slope), SDE is greater than 30m implying it is in rough terrain, and if the RE3 is
between 0.1 and 0.95 (on the mid-slope portion of the slope) then the following equation
is utilized to decrease wind speed on leeward slopes (Allen and Trezza, 2011):

U 200 _ adj _ 2 =

U 200 _ adj _ 1

1 − C s min(0, C a )

(53)

where
C a = (sin (S )) abs (cos ( A − A w )) cos ( A − A w )
1 .5

(54)

Figure 9. Relative elevation with a 3km circle around each pixel around the subirrigated meadow, dry
valley and upland dune at the Gudmundsen Sand Hills Research Laboratory (outlined in black) near
Whitman, Nebraska. Data is derived from a digital elevation model.
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Here, Ca is the adjustment coefficient ranging from -1.0 – 1.0; A is the aspect of the slope
(360o/0o N, 180o S); and Aw is the aspect of the wind direction (360o/0o N, 180o S).
Once adjustments are made to wind speed and stability, H is calculated in eq. 47
by employing the Ts_DEM values in relation to the near surface (at 0.1 m above the zero
plane displacement height, d, plus height for roughness, zom) temperature difference (dT)
at two anchor pixels (selected for “hot” and “cold” conditions, using guidelines of Allen
et al. 2010). The cold anchor pixels were selected from well-watered homogeneous
grasslands where H (and dT) is assumed to be zero and all available energy is consumed
through ET. The hot anchor pixels were selected from locations with assumed bare soil
where ET is zero. Once anchor pixels are selected, dT is calculated with the following
equation:

where,

dT = a + bT s _ DEM

(55)

T s _ DEM = T s + Lapse

(56)

MTN is designed to accommodate two different lapse rates; one to flat and one to steep
terrain above a designated elevation:
Lapse = C lapse _ flat

Lapse = C lapse _ flat

z − z datum
1000

(z break

(z − z break
− z datum )
+ C lapse _ mtn
1000
1000

for z < zbreak

)

(57)

for z > zbreak

where; Lapse is the surface temperature adjustment according to change in elevation (K);
Clapse_flat is the lapse rate assigned to areas of relatively flat terrain (K km-1); Clapse_mtn is
the second lapse rate utilized for steeper terrain such as mountain slopes (K km-1). In this
study, only one lapse rate was used (6.5 oK km-1) due to the minimal overall elevation
gradient (roughly 100 m), and minimal atmospheric moisture difference (i.e. semi-arid
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climate) that would justify an increased lapse rate change (9.8 oK km-1). For the purposes
of this study, we have assumed that the elevation for lapse rate change (zbreak) is above all
elevations in our study area. Therefore, only one lapse rate was implemented (6.5 oC
km-1).
In order to estimate H at the cold and hot pixels we employed a reference ET
(ETr), and the fraction of reference ET (ETrF, or sometimes referred to as a crop
coefficient; Kc) values calculated from the FAO56 – Standardized Penman-Monteith
Equation (Allen et al. 1998) using hourly weather data from the aforementioned
Gudmundsen Automated Weather Data Network (AWDN) station (High Plains Regional
Climate Center (HPRCC) 2010):

H cold = Rn − G − 1.05λETr

(58)

where λ is the latent heat of vaporization (J kg-1).

H hot = Rn − G − K c ETr

(59)

Due to the moist soils beneath most well-watered alfalfa crops, the value of 1.05 is
multiplied by the ETr value in eq. 67 to express a 5% increase in ET from the reference
value.
Hot and cold pixel criteria (Appendix B) were selected from the same location in
FLT and MTN such that input parameters were consistent between models. Criteria for
hot pixel selection include the assumption that ET is assumed to be very near zero and
that the pixel represents bare soil conditions (Figure 10).

dThot =

H hot * rah _ hot

ρ hot * c p

(60)
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Figure 10. Fraction of reference ETr (ETrF), (i.e. Kc) for evaporation from bare soil calculated using the
FAO-56 daily soil evaporation model (Allen et al. 1998) and precipitation data from the Automated
Weather Data Network (AWDN) station at Gudmundsen Sand Hills Research Laboratory for April –
September, 2004 (A), 2006 (B), and 2009 (C). Image overpass dates are indicated with stars
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The cold anchor pixels were selected from areas intended to represent well-watered
homogeneous grassland conditions of a crop such as alfalfa. At the cold pixel, all
available energy is assumed to be consumed by ET, and H (and dT) is zero.

dTcold =

H cold * rah _ cold

ρ cold * c p

(61)

In our study area, the hottest of hot pixels from true bare soil exhibited a much greater
temperature than the surrounding pixels with very little grass cover. The reason being, the
sandy soils have the capacity to heat up rapidly and to a very high temperature compared
to other soil types. Therefore, in our study we selected hot pixels that represented
conditions that were close to bare soil although investigation of hot pixels in Appendix B
displays that we often utilized pixels with slightly higher NDVI than required.
Furthermore, we utilized the exact value for ETrF from the soil water balance model
which often was set to zero for the hot pixel although this should be increased to 0.1 in
future studies. In images occurring in spring and fall we chose to reduce the cold pixel
ETrF from 1.05 to 1 under the assumption that the cool-season grasses are unable to meet
that extra 5% transpirational capacity. Once dTcold and Ts_cold (and dThot and Ts_hot) are
plotted, a regression equation is established which defines the a and b coefficients via:

dThot − dTcold
Ts _ hot − Ts _ cold

(62)

b = dThot − aTs _ hot

(63)

a=
and

Then, once an initial estimation of H is achieved, Monin-Obukhov length (L) is used to
define stability conditions in an iterative process:
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L=−

ρc p u * 3 T s

(64)

kgH

L is the height at which buoyant to mechanical mixing forces are equal. Stability of the
atmosphere is defined as when L<0, the atmosphere is unstable, and when L≥0 the
atmosphere is stable. Integrated stability corrections for momentum and heat transport
(Ψm and Ψh) are computed following Paulson (1970) and Webb (1970):
If L<0 (unstable conditions):
⎛ 1 + x( 200 m ) 2 ⎞
⎛ 1 + x( 200 m ) ⎞
⎟ − 2 ARCTAN (x( 200 m ) ) + 0.5π
⎟⎟ + ln⎜
⎜
⎟
2
2
⎠
⎝
⎝
⎠

ψ m ( 200 m ) = 2 ln⎜⎜

⎛ 1 + x(2m) 2
= 2 ln ⎜
⎜
2
⎝

ψ h(2m)

ψ h ( 0 .1m )

⎞
⎟
⎟
⎠

⎛ 1 + x ( 0 .1 m ) 2
= 2 ln ⎜
⎜
2
⎝

(65)

(66)

⎞
⎟
⎟
⎠
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where;

x ( 200m )

200 ⎞
⎛
= ⎜1 − 16
⎟
L ⎠
⎝

x ( 0.1m )

0.1 ⎞
⎛
= ⎜1 − 16
⎟
L ⎠
⎝

x(2m)

2⎞
⎛
= ⎜1 − 16 ⎟
L⎠
⎝

0.25

(68)

0.25

(69)

0.25

(70)

If L≥0 (stable conditions):
⎛2⎞
⎝L⎠

ψ m ( 200 m ) = −5⎜ ⎟
⎛2⎞
⎟
⎝L⎠

ψ h ( 2 m ) = − 5⎜

(71)

(72)
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⎛ 0 .1 ⎞
⎟
⎝ L ⎠

ψ h ( 0.1m ) = −5⎜

(73)

For L=0 (neutral conditions): H = 0 and Ψm and Ψh = 0.
Stability Correction (ψ) with Topographic Influence
On windward sides of areas with high topographic relief (i.e. where SDE is
significant) rah is decreased from increased buoyancy-induced instability correction. In
this case, if the slope is greater than 5o (on a slope), and if SDE is greater than 30m (in
rough terrain), and if the stability parameter (ψz1, ψz2, ψz200) is less than zero then the
following adjustment is implemented in MTN30, which increases the instability correction
(Allen and Trezza 2011):

ψ adj = ψ (1 + Cψ max (0, C a ))

(74)

Because all SDE values are less than 30, this correction does not apply to our study. If the
stability parameter (ψz1, ψz2, ψz200) is greater than zero, then the following equation is
implemented, which decreases the instability correction (Allen and Trezza 2011):

ψ adj = ψ (1 − Cψ max (0, C a ))

(75)

Here, Cψ is a scaling coefficient equal to 1.0. A corrected u * is then computed for each
successive iteration as:
u* =

u 200 k
⎛ 200 ⎞
⎟⎟ − ψ m ( 200 m )
ln ⎜⎜
⎝ z om ⎠

(76)

and a corrected value for aerodynamic resistance to heat transport (rah) is computed
during each iteration as:
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rah =

⎛z
ln ⎜⎜ 2
⎝ z1

⎞
⎟⎟ − ψ h ( z 2 ) + ψ h ( z1)
⎠
u* k

(77)

where z1 and z2 are 0.1 and 2.0 meters, respectively.
Finally, once dT has been determined from anchor pixel selection, u* and rah are
computed following with H, beginning with the assumption of neutral atmospheric
conditions, new values of u* and rah were computed and used in new calculations of H
iteratively. When dT and rah at the anchor pixels stabilize, the final calculation of H was
provided (Allen et al. 2010).
Soil Heat Flux (G)
Soil heat flux (G) can be expressed as a portion of net radiation (Rn) or sensible
heat flux (H) that depending on leaf area index (LAI) and/or Normalized Difference
Vegetation Index (NDVI):

(

)

G = 0.05 + 0.10e −0.52*LAI * Rn

for LAI > 0.5
and wetlands with NDVI > 0.5

(78)

G = 2 * Max[(0.4 * H ), (0.15 * Rn)]

for LAI < 0.5

(79)

G = −51* 0.41* Rn

for wetlands with NDVI < 0.5

(80)

where LAI is estimated using the Soil Adjusted Vegetation Index (SAVI) to reduce the
impacts of soil wetness within the index by ‘subtracting’ the background soil detected:

SAVI =

(1 + L) * (ρt ,4 − ρt ,3 )

(L + ρ

t ,4

+ ρt ,3 )

(81)

where L is a constant that varies depending on soil type. A value of 0.5 is commonly used
although for this study we employed a value of 0.1 following the findings of Tasumi
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(2003) in semi-arid southern Idaho where sandy soils are present with relatively sparse
vegetation. LAI can then be calculated as follows:

LAI = 11* SAVI3

for SAVI ≤ 0.817

LAI = 6

for SAVI ≥ 0.817

(82)

Because G is does not differ between MTN30 and MTN15, the resulting values for G in
both runs are simply labeled as MTN.
Latent Heat Flux (LE) and Evapotranspiration (ET)
Latent heat flux (LE) and resulting ET can be calculated as the residual of eq. 4,
after all components of the energy balance (Rn, G and H) have been addressed. The
resulting instantaneous flux of latent heat is an estimate of actual ET at the time of
satellite overpass:
⎛ LE ⎞
ETinst = 3600 * ⎜
⎟
⎝ λ ⎠

(83)

where ETinst is the hourly instantaneous ET (mm hr-1) at the image overpass time; 3600 is
used to convert seconds to hours; and λ is the latent heat of vaporization (J kg-1):

λ = (2.501 − 0.00236 (Ts − 273 )) × 10 6

(84)

Using the ASCE Standardized Penman-Monteith equation for reference ET (ETr for
alfalfa, ETo for grass reference) is helpful in determining the ratio of ETinst to ETrinst,
referred to as the fraction of reference ET (ETrF) at each pixel (Allen et al. 1998). ETrF,
which varies with vegetation development, is assumed constant for the entire 24-hour
period of the image date.
ET r F =

ETinst
ET rinst

(85)
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The cumulative ETr for the 24-hour period is, thus, referred to as ETr24. 24-hour actual ET
(ET24; mm day-1) can then be calculated using eq. 90 by incorporating ETr24 and ETrF as
follows:

ET24 = ETr F * ETr 24

(86)

For clarification, when FLT or MTN are calibrated, although we examine three different
land cover types, the calibration dataset (hourly meteorological station data from the
Gudmundsen AWDN) remains the same. Therefore, the reference (ETr) values to which
all three land cover types are compared also remains constant. For quality assurance
purposes, a thorough examination of the calibration dataset was administered to
determine data integrity of solar radiation, humidity, air temperature, wind, and
precipitation data using Allen et al. (1996).
2.3

Averaging Technique to Estimate Results at each Bowen Ratio Energy
Balance System (BREBS) Location using Remote Sensing
In calculating ET and ETrF from METRIC® at our Bowen Ratio Energy Balance

Systems (BREBS) station locations, a simple yet straightforward approach was
employed. Thus, this procedure included not only the value of the pixel (30m x 30m) at
the location of the BREBS but also a three by three array surrounding. One extra pixel
surrounding the three by three array in the direction of the prevailing wind at the time of
satellite overpass (here, 10:00am to 11:00am) was included in the calculation of ET and
ETrF for each station location in each image. The inclusion of the extra pixel is an
attempt to minimize the footprint of the station on estimation of ET. This array is smaller
than the 100 – 300 m2 footprint potential of a BREBS station and was selected because
when the Bowen ratio is small (which commonly occurs at these locations) the fetch to
height ratio is reduced from the commonly used ratio of 1:100, to 1:20 (Heilman et al.
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1989). For clarification on site specific sampling, each BREBS location is depicted in
Figure 11 which displays the difference in cell properties at each station location.
Although, a formal footprint analysis is warranted but is left for future research.

a

b

c

Figure 11. Midseason (July 8, 2004: DOY 190) ETrF at the subirrigated meadow (a), dry valley – lowland
tallgrass prairie (b) and upland dune – upland Sandhills prairie (c)sites at the Gudmundsen Sand Hills
Research Laboratory near Whitman, Nebraska.

2.4

Land Cover Extracting for Spatial Averaging of Sand Hills
Evapotranspiration (ET)
To estimate average evapotranspiration (ET) estimates from the major land cover

types represented by our three BREBS locations, we utilized the Nebraska GAP Analysis
land use map (Henebry et al. 2008) due to its delineation between different prairie grasses
(Figure 1). GAP maps are produced by each state based on guidelines established by the
USGS Biological Resources Division. The Nebraska GAP map used in conjunction with
the METRICTM application was developed by the Center for Advanced Land
Management Information Technologies (CALMIT) at the University of Nebraska,
Lincoln in 2005 using Landsat imagery acquired from 1991-1993. More information
about the Nebraska GAP project can be found at http://www.calmit.unl.edu/gap. Land
use classes for the Nebraska GAP land use map are shown in Figure 1. The three BREBS
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at the GSRL are located within three of the five major land cover types: (1) subirrigated
meadow/emergent wetlands, (2) lowland tallgrass prairie and (3) upland Sandhills prairie
land cover types. These three land cover types were extracted for spatial analysis of ET
from these specific land covers across the western half of the Sand Hills (path 32, row 31
of Landsat orbit).
3.0

RESULTS AND DISCUSSION

3.1

Image Processing Results

3.1.1

May 5, 2004
The first (Landsat 5) image analyzed in this study was captured on May 5, 2004

(DOY 126) with a prevailing wind direction of 234o (Figure 12). This day experienced
the strongest wind of all images analyzed in 2004 at the image time with 7.0 m s-1 (Table
3), and average daily wind speed of 5.2 m s-1 (Table 4). This day experienced the lowest
RH (average 34%) and Rs due to the time of year and mid-latitude location of the GSRL
(Table 4), and was 13 days after the last precipitation event (Figure 2-4). Across the
western Sand Hills region, ET on this date is largest for the subirrigated meadows with an
average of 6.08 mm day-1 (Figure 13; Table 5), and an ETrF of 0.57 (Figure 14) (ETr =
10.6 mm day-1; Table 4) due to the assumed close proximity to groundwater and/or
ample soil moisture that has been recharged from winter snowmelt and spring
precipitation (Figure 4). This image captured a time with, interestingly, the highest
maximum temperature (33oC) of any image analyzed in 2004 (Table 3). The BREBSMeadow observed 4.65 mm day-1 on this date, while METRICTM estimated 4.78 mm day1

, a difference of 0.13 mm (Table 6). Results indicate ET decreases from the dry valley

(lowland tallgrass prairie) to the upland dunes (upland Sandhills prairie) with ET and
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Figure 12. Landsat images from 2004 utilized in our study (Path 32, Row 31).
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Table 3. Weather data reported at the bounding hours of each image analyzed in this
study. Image overpass for this path and row is ~10:30am CST.

Table 4. Weather data reported at the bounding hours of each image analyzed in this
study. Image overpass for this path and row is ~10:30am CST.
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Table 5. Daily and annual average ET24 and ETrF values for all images and land
covers.
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Table 6. Daily estimates of ET from the BREBS and METRIC for 2004, 2006 and 2009.
Results that are not within error bounds of BREBS and METRIC results are highlighted
in blue (all ET units are mm day-1).
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Figure 13. Daily evapotranspiration from 2004 image processing (Path 32, Row 31) in
our study over the western Sand Hills of Nebraska.
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Figure 14. Fraction of reference (alfalfa) evapotranspiration (ETrF) from 2004 image
processing (Path 32, Row 31) in our study over the western Sand Hills of Nebraska.
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Figure 15. Comparison of average annual ET estimations derived from image processing
(Path 32, Row 31) in our study over the western Sand Hills of Nebraska from the
subirrigated meadow, dry valley, and upland dune sites for 2004, 2006, and 2009.
ETrF values of 3.59 mm day-1 and 0.34, and 1.55 mm day-1 and 0.15, respectively
(Figures 13-14; Table 5). ET from the areas surrounding the BREBS-Valley from
METRICTM totaled 2.62 mm day-1, while the BREBS-Valley observed 2.65 mm day-1 on
this date, a difference of only 0.03 mm (Table 6). The BREBS-Upland observed 0.54 mm
day-1 of ET, while METRICTM estimated 0.84 mm day-1 (Table 6). This image marks the
spring image of a slightly drier than 'normal' year in terms of precipitation with 347 mm
of total precipitation (30-year climatological normal is 580 mm; HPRCC 2011),
compared to a wet (2009) with 624 mm (HPRCC 2011) and dry year (2006) with 246
mm (HPRCC 2011). The meadow site displays an r2 of 0.04 when all years are
considered (Figure 15).
3.1.2

July 8, 2004
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The second (Landsat 5) image analyzed in this study was at the height of the
growing season on July 8 (DOY 190) with a prevailing wind direction of 4o (Figure 12).
Compared to May, this image occurred at a time with less wind (4.6 m s-1), but greater
relative humidity (65%, compared to 35% in May) (Table 4). The only precipitation in
the recent history was 21 mm occurring just 4 days prior, which recharged soil moisture
at all sites (Figures 2-4). Here, the subirrigated meadows in the western Sand Hills
experienced an average of 5.01 mm day-1 ET (Figure 13) (ETr = 7.5 mm day-1) and an
average ETrF of 0.74 (Figure 14; Table 5) which is an indication that although this is a
slightly drier year than climatological normal, the subirrigated meadows are still able to
obtain ample soil water via precipitation and local hydrology to maintain development
similar to alfalfa. Around the BREBS-Meadow location, METRICTM estimated 6.74 mm
day-1 while the BREBS observed a difference of 0.92 mm less with 5.82 mm day-1 (Table
6). Immediately after this image occurred, a month-long harvest of the GSRL subirrigated
meadow commenced due to maturity and feasibility of harvest conditions. At times the
GSRL meadow can become inundated with water such that it represents more of a
wetland than a meadow. The BREBS-Valley observed 4.46 mm day-1, while METRICTM
only estimated 3.68 mm day-1, a difference of 0.92 mm (Table 6). The month of July is
during the summer, warm-season, in which the vegetation that inhabits the dry valleys
(lowland tallgrass prairie) experienced 4.41 mm day-1 with an ETrF of 0.65 on average
and the upland areas, which are dominated by C4 and CAM species, averaged 3.60 mm
day-1 with an average ETrF of 0.53 (Figures13-14; Table 5). The BREBS-Upland
observed 2.29 mm day-1 of ET, while METRICTM estimated 3.24 mm day-1, a difference
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of only 0.30 mm (Table 6). The difference in the upland areas could be due to a 'hot' pixel
that was not hot enough.
3.1.3

September 18, 2004
The last image (Landsat 7) analyzed in 2004 was on September 18 (DOY 262)

when soil moisture had returned to field capacity after abundant precipitation during that
month (Figures 2-4 and Figure 12). The prevailing wind direction at the image time on
this date was 189o. The subirrigated meadows within the western Sand Hills region of
path 32, row 31 averaged 2.89 mm day-1 of ET (Figure 12) (ETrF = 0.46) (Figure
14;Table 5). Although close to the BREBS-Meadow observation of 2.92 mm day-1,
METRICTM overestimated ET by 1.31 mm with 4.22 mm day-1 on this date, which was
the farthest from the observation of any image in 2004 (ETr = 6.3 mm day-1). This
difference could be due to the selection of a hot pixel that exhibited too low of a
temperature. If a hotter pixel was selected, this difference would most likely decrease.
Overall METRICTM estimated that the dry valleys (lowland tallgrass prairies) in the
western Sand Hills region averaged 2.15 mm day-1 (Figure 13) (average ETrF = 0.34;
Figure 14), while the average around the BREBS-Valley location was 1.91 mm day-1, a
difference of 1.19 mm from the observation of 0.72 mm day-1 (Tables 5-6). At the
upland areas, METRICTM estimated an average of 1.14 mm day-1 (Figure 14) of ET and
an ETrF of 0.22 (Figure 13; Table 5) and at the BREBS-Upland location METRICTM
averaged 0.99 mm day-1 (Table 6). The BREBS-Upland observed 0.43 mm day-1 on this
date (Table 6). This is most likely due to an NDVI of the hot pixel being too high. If this
were reduced, a lower estimate should result.
3.1.4

May 27, 2006
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The first image analyzed in 2006 (Landsat 5) occurred on May 27 (DOY 147)
with a prevailing wind direction at the time of image capture of 156o (Figure 15). May is
during the spring cool-season when C3 species thrive. Compared to the May image from
2004, the maximum temperature was similar (33oC), it was roughly just as windy (5.1 m
s-1), and exhibited an identical ETr of 10.6 mm day-1 on this date (Table 4). Therefore, the
expectation is for the ET rate to be similar to the May, 2004 image although 30mm less
total precipitation accumulated at this point in 2006 and, interestingly, ET observation at
the BREBS-Meadow actually increased from 4.65 mm day-1 in 2004 to 5.67 mm day-1 on
this day (Table 6). METRICTM estimated 5.57 mm day-1 at the BREBS-Meadow location
on this date, an underestimation of only 0.10 mm (Table 6). This is potentially an
indication that there is a very close connection with groundwater that replenishes soil
moisture and that ET in the meadows is not as dependent upon precipitation inputs as the
dry valleys and upland areas. METRICTM estimated an average ET of 5.57 mm day-1
(Figure 16; Table 5) and an ETrF of 0.45 (Figure 17; Table 5) for all subirrigated
meadows / emergent wetlands in the western Sand Hills region on this date (Table 5).
The BREBS-Valley observed 3.89 mm day-1 of ET while METRICTM estimated 2.54 mm
day-1, an underestimation of 1.34 mm (Table 6). Dry valley ET estimation by METRICTM
for the entire western Sand Hills reached 3.12 mm day-1 (Figure 16; Table 5) and an ETrF
of 0.29 (Figure 17; Table 5) on this date although because METRICTM underestimated
the observation there is a potential that the average value may be lower than reality or this
is due to calibration pixel selection. In the upland areas (upland Sandhills prairie)
METRICTM estimated an average of 2.25 mm day-1 around the BREBS location, while
the BREBS-Upland observed only 0.69 mm day-1 (Table 6). For the entire western Sand
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Figure 16. Landsat images from 2006 utilized in our study (Path 32, Row 31).
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Figure 17. Daily evapotranspiration from 2006 image processing (Path 32, Row 31) in
our study over the western Sand Hills of Nebraska.
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Figure 18. Fraction of reference (alfalfa) evapotranspiration (ETrF) from 2006 image
processing (Path 32, Row 31) in our study over the western Sand Hills of Nebraska.
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Hills region, METRICTM estimated 1.91 mm day-1 of ET (Figure 16; Table 5) and an
ETrF of 0.18 (Figure 17; Table 5). Again, this could be due to the hot pixel selected for
calibration having too high of an NDVI, which boosted ET values above the observations.
3.1.5

July 30, 2006
The mid-season image from 2006 (Landsat 5) occurred on July 30 (DOY 211) at a

time when the maximum temperature was 35oC (Figure 16; Table 4) and the prevailing
wind direction at the time of image capture of 158o. Subirrigated meadows that are a mix
of both C3 and C4 species continue to transpire at a high rate because a trade-off from
transpirational dominance by cool-season C3 species to warm- season C4 is taking place
at this time. Overall, subirrigated meadows / emergent wetlands in the western Sand Hills
of Nebraska average roughly 5.39 mm day-1 of ET (Figure 17;Table 5) (ETr = 13.1 mm
day-1) with an average ETrF of 0.45 (Figure 18; Table 5). The BREBS-Meadow observed
4.70 mm day-1 of ET, while METRICTM estimated 4.37 mm day-1, amounting to an
underestimation of only 0.33 mm (Table 6). Dry valleys (lowland tallgrass prairies)
throughout the region average 5.03 mm day-1 (Figure 17) of ET estimated by METRICTM
(ETrF of 0.38; Figure 18, Table 5), while at the BREBS-Valley, METRICTM estimated
2.84 mm day-1 (Table 6). The observation of 3.20 mm day-1 is only 0.36 mm under the
estimation from METRICTM, which is promising when trying to utilize a single groundtruth point for estimations across the landscape. The upland areas are also experiencing
heightened transpirational demand at this time due to warmer temperatures. The BREBSUpland observed only 0.56 mm day-1 on this date, while METRICTM overestimated this
by 3.19 mm with 3.75 mm day-1 in the array-based average at the BREBS location (Table
6). The spatial average may then also be considered an overestimation with 4.11 mm day-
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(Figure 16; Table 5) and an ETrF of 0.31 (Figure 18; Table 5). This overestimation

could potentially be due to the selection of a hot pixel that was not hot enough and that it
contained an NDVI that was too large for that of true bare soil.
3.1.6

September 16, 2006
The last image (Landsat 7) analyzed in 2006 was on September 16 (DOY 259)

with a prevailing wind direction at the time of image capture of 273o (Figure 16). This
image occurred at the end of a year when precipitation was sporadic and infrequent
(Figures 2-4). One observation worth noting is that after analyzing our results, we notice
that there is potentially an artifact of cloud cover within this image that in invisible to the
naked eye and was not documented by the United States Geological Survey (USGS) on
the Global Visualization Viewer (GLOVIS) website upon downloading. Regardless, our
results show that this day was the most humid (RH = 65%) and the coldest (Tmax = 24oC)
of any image in 2006 (Table 4). Subirrigated meadows on this date should still be
transpiring at the time of year because the fall, cool-season, is when C3 species present in
the meadows take advantage of the cooler temperatures. On this date, subirrigated
meadows average 5.44 mm day-1 of ET (Figure 16; Table 5) and an ETrF of 0.62 (Figure
17; Table 5) across the western Sand Hills region (ETr = 5.7 mm day-1). The BREBSMeadow observed 2.54 mm day-1 of ET, while METRICTM overestimated this value by
1.16 mm with 3.71 mm day-1 (Table 6). This overestimation could potentially be due to
cloud cover that is very cold, relative to the land surface, which boosted ET estimates.
The BREBS-Valley observed 2.09 mm day-1, while METRICTM estimated 1.70 mm day-1
in the array-based average around the station location (Table 6). Across the landscape,
METRICTM estimated and average of 5.15 mm day-1 of ET (Figure 17; Table 5) and an
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ETrF of 0.58 (Figure 18; Table 5). Compared to the point estimate at the BREBS-Valley
location, this average is more than double the observation. The BREBS-Upland observed
0.70 mm day-1 of ET while METRICTM estimated only 0.56 mm day-1, a difference of
only 0.15 mm (Table 6). Uplands across the western Sand Hills averaged 4.66 mm day-1
of ET (Figure 17; Table 5) and an ETrF of 0.50 on this date (Figure 18; Table 5). These
values are quite high compared to the BREBS-Upland observation which is of particular
concern to analyzing how the upland areas respond to a drier climate than normal. Our
results indicate that although precipitation was lacking, overall the upland vegetation is
still able to reach deep soil water and/or groundwater.
3.1.7

May 19, 2009
The Landsat 5 image that was captured on May 19, 2009 constitutes the last

spring image analyzed in this study (Figure 19). On this date, the prevailing wind
direction at image time was 177o. This begins our analysis of a 'wet' year where all ET
and ETrF results are increased due to the decreased water limitation at all sites (Table 6).
At the subirrigated meadow the BREBS-Meadow observed 4.62 mm day-1 of ET (ETr =
9.3 mm day-1), while METRICTM estimated 6.12 mm day-1, an overestimation of 1.5 mm
(Table 6). Subirrigated meadows across the western Sand Hills region averaged an
estimated 7.09 mm day-1 of ET (Figure 20; Table 5) and an average ETrF of 0.54 (Figure
21; Table 5). When considering all meteorological variables, this image occurred at a
time with conditions that were nearly identical to the other May images in this study from
2004 and 2006 (Table 4) although this happens to be the warmest day on average of any
of the images analyzed in 2009. Thus, although the subirrigated meadows have the lowest
water limitation, the vegetation present capitalized by increasing ET and ETrF.
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Furthermore, this image was highly contaminated with clouds near the subirrigated
meadow and there is a possibility that there is very cool air at a temperature overlying
this area that is very near condensation but is not noticeable to the naked eye and was,
thus, still included in the analysis. This would exhibit a surface temperature much lower
than what the BREBS-Meadow experienced and is a potential reason for the heightened
ET. Cloud contamination reduces moving east and on this date the BREBS-Valley
observed 4.66 mm day-1, while METRICTM estimated 4.42 mm day-1 (Table 6).
METRICTM estimated a similar value for all dry valleys (lowland tallgrass prairies)
throughout the western Sand Hills region with 4.09 mm day-1 (Figure 20; Table 5) and an
ETrF of 0.31 (Figure 21; Table 5). The upland BREBS observed 1.39 mm day-1 of ET
while METRICTM estimated 1.76 mm day-1, an overestimation of only 0.37 mm (Table
6). For all upland land cover (upland Sandhills prairie) in the western Sand Hills region,
METRICTM estimated 1.79 mm day-1 (Figure 20; Table 5) and an average ETrF of 0.14
(Figure 21; Table 5). Cloud cover was an issue that negated a large portion of the study
area which could be impacting the spatial average values reported in this study such that
they may not be perfectly representative but are the best possible estimation we could
derive.
3.1.8

July 14, 2009
The last July image (Landsat 7) analyzed in this study occurred on July 14, 2009

(Figure 19) with a prevailing wind direction of 290o. In wet years, more energy may be
consumed by evaporation than transpiration in the subirrigated meadows because they are
also classified as emergent wetlands (Figure 1). On this date, the BREBS-Meadow
observed the maximum ET rate of 6.44 mm day-1, while METRICTM estimated 7.86 mm
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day-1, an overestimation of 1.42 mm (Table 6). This could potentially be due to the cold
anchor pixel exhibiting an LAI and NDVI lower than that of a 'true' cold pixel. This is an
example of how the METRICTM model is very sensitive to these two calibration using
anchor pixels. Throughout the Landsat scene, subirrigated meadows were estimated to
have an ET rate of 7.22 mm day-1 (Figure 20; Table 5) and an ETrF of 0.78 (Figure 21;
Table 5). The BREBS-Valley recorded an observation of 5.58 mm day-1, while
METRICTM estimated 5.57 mm day-1 (Table 6). Across the western Sand Hills, lowland
tallgrass prairies were estimated to have an ETrF of 0.65 (Figure 21; Table 5) and an
average ET of 6.01 mm day-1 (Figure 20; Table 5) on this date. The upland Sandhills
prairie land cover exhibited an average ET of 4.68 mm day-1 (Table 5) and an average
ETrF of 0.50 (Table 5) across the Landsat scene, which is the second highest ETrF
estimated in this study for the upland areas. The BREBS-Upland observed 3.24 mm day-1
while METRICTM estimated 3.98 mm day-1 (Table 6). This is the highest observation of
ET in the upland areas for this entire study. This is most likely due to the abundant
precipitation during 2009 which allowed for even the upland areas to experience
heightened ET.
3.1.9

September 16, 2009
The last image analyzed in this study was on September 16, 2009 (DOY 259)

where Tmax is only four degrees cooler than the July image (24oC), but at this time Rs is
reduced from 600 Wm-2 to only 397 Wm-2 (Table 4), and the prevailing wind direction
was 148o. Therefore, ETr also drops considerably to 4.6 mm day-1. The BREBS-Meadow
recorded an observation of 2.22 mm day-1, while METRICTM estimated 3.57 mm day-1 of
ET, an overestimation of 1.35 mm (Table 6) which may be attributed to the selection of
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the cold pixel having too low an NDVI. Estimation of ET for all subirrigated meadows in
the western Sand Hills region averaged 3.12 mm day-1 (Figure 20; Table 5) with an ETrF
of 0.68 (Figure 21; Table 5) on this date. The BREBS-Valley observed an even greater
ET rate than the BREBS-Meadow with 2.42 mm day-1, while METRICTM estimated 3.37
mm day-1 of ET, an overestimation of 0.95 mm (Table 6). For all lowland tallgrass prairie
(dry valleys), METRICTM estimated an average ET rate of 3.08 mm day-1 (Figure 20;
Table 5) and an ETrF of 0.67 (Figure 21; Table 5). The BREBS-Upland recorded an
observation of 1.84 mm day-1, while METRICTM estimated 3.11 mm day-1 of ET, an
overestimation of 1.27 mm (Table 6) which is likely due to the hot pixel exhibiting too
low of a temperature and too high of an NDVI to accurately represent this study site.
Finally, METRICTM estimated 2.55 mm day-1 (Figure 20; Table 5) of ET from all upland
Sandhills prairie land cover on this date and an ETrF of 0.56 (Figure 21; Table 5).
3.2

Spatial and Temporal Distribution of ET and ETrF under Different Climate
Conditions
The western Sand Hills region of Nebraska exhibits a unique system of land cover

types; all of which are intimately linked to hydrology and vegetation distribution. The
subirrigated meadows / emergent wetlands (6% of path 32, row 31; Figure 19) exhibit an
average range of ET (ETrF) of 4.7 – 5.8 mm day-1 (0.6 – 0.7). Among all climate
conditions analyzed in this study the subirrigated meadows averaged 4.4 mm day-1 and an
overall aerial consumption of 3547 acre ft day-1 (Figure 22). In the western Sand Hills,
the majority (~90%) of the pixels with maximum values are surrounding open bodies of
water which are abundant there, while the eastern portion displays a similar maximum
value but for areas of true grassland along with wetlands. Differences between wetlands
and grasslands were distinguished by using the false color composite images although
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Figure 19. Landsat images from 2009 utilized in our study (Path 32, Row 31).
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Figure 20. Daily evapotranspiration from 2009 image processing (Path 32, Row 31) in
our study over the western Sand Hills of Nebraska.
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Figure 21. Fraction of reference (alfalfa) evapotranspiration (ETrF) from 2009image
processing (Path 32, Row 31) in our study over the western Sand Hills of Nebraska.
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Figure 22. Spatial averages of evapotranspiration in the western Sand Hills of Nebraska
from 2004, 2006, and 2009 image analysis and land cover extractions from the GAP
Analysis map (Henebry et al. 2008).
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wetlands were not extracted out of the results in this study. This displays that although
subirrigated meadows and emergent wetlands are both in the same classification in the
GAP Analysis, the greatest water losses via ET are occurring at true wetlands which are
immediately adjacent to water bodies. Most subirrigated meadows / emergent wetlands
contain a mixture of C3 and C4 vegetation which utilize available water and energy
differently. Among the climate conditions in this study, our results show that in May the
C3 species are thriving on the cool-season (spring) temperatures and abundant soil water
from spring snowmelt and precipitation. Results show that ET rates from subirrigated
meadows in May average 6.0 mm day-1 (ETrF = 0.52), among the three years analyzed in
this study. In July, subirrigated meadows / emergent wetlands exhibit differences based
on whether vegetation is present, and of which photosynthetic pathway each species
utilizes. ET rates average 5.9 mm day-1 (ETrF = 0.66) in July. In September, the average
ET of subirrigated meadows drops to 3.8 mm day-1 (ETrF = 0.58). Thus, although winter
is approaching and vegetation is nearing senescence, the subirrigated meadows /
emergent wetlands continue to transpire although at a reduced rate. Connections with
groundwater are most likely playing a key role in organization of ET among subirrigated
meadows / emergent wetlands due to the fact that soil water is consistently replenished,
regardless of precipitation inputs. The average ET (ETrF) rate for subirrigated meadows /
emergent wetlands in 2004 (normal year) amounted to 4.7 mm day-1 (0.59). In 2006 (dry
year) this rate amounts to 5.2 mm day-1 (0.51) and in 2009 (wet year) amounts to 5.8 mm
day-1 (0.67) (Table 5). Overall, our results show that the root mean square differences
(RMSD) of ET estimation by METRICTM for all subirrigated meadows / emergent
wetlands within path 32, row 31 of the Landsat orbit are 0.92 mm day-1 in 2004, 0.70 mm
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day-1 in 2006, and 1.42 mm day-1 in 2009. The largest RMSD for subirrigated meadows
occurs in the ‘wet’ year when METRICTM consistently overestimated the BREBSMeadow observations by 1.4 – 1.5 mm, and overall estimations for September images
were all overestimated by 1.2 - 1.4 mm day-1 (Table 6). Therefore, careful consideration
should be paid to this finding in future studies that analyze imagery from abnormally wet
years in semiarid regions with complex ecohydrological connections, especially at the
end of the growing season.
Lowland tallgrass prairies (dry valleys) exhibit an ecosystem where C4 species are
dominant. These species do not optimize photosynthetic activity until temperatures are
warm enough (i.e. summer). Among the climate conditions in this study, our results show
that in May the C4 species are awaiting the end of the cool-season (spring) temperatures
but utilize the abundant soil water from spring snowmelt and precipitation to begin
transpiration, albeit minimally. These C4 dominant ecosystems exhibit an average range
of ET (ETrF) of 3.4 – 4.4 mm day-1 (0.4 – 0.5), among all climate conditions in this
study. Among all climate conditions analyzed in this study the lowland tallgrass prairies
(dry valleys) averaged 3.3 mm day-1 and an overall aerial consumption of 9304 acre ft
day-1 (Figure 22). From this study, we find that ET rates from dry valleys in May average
3.6 mm day-1 (ETrF = 0.31). In July, lowland tallgrass prairies (dry valleys) exhibit
differences based on how much vegetation is present and the location of the prairie in
relation to the groundwater table. Spatially, most dry valley pixels in the western Sand
Hills region are located adjacent to or very near (within 1km of) subirrigated meadows /
emergent wetlands where intricately localized hydrologic connections maintain these
prairie ecosystems. The spatial distribution of ET does not show any east-west or north-
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south trend, rather the maximum and minimum values are found throughout the Sand
Hills. The differences are attributed to local hydrology and potential connections with
groundwater. ET rates average 5.2 mm day-1 (ETrF = 0.56) in July, which is an annual
maximum for this land cover type. In September, the average ET of dry valleys drops to
3.5 mm day-1 (ETrF = 0.53) which is an indication of the C4 species only transpiring
enough to prepare for senescence and eventual dormancy. Interestingly, the average ET
rate for the ‘dry’ year (2006) is higher than the normal year (2004) estimated by both
METRICTM and the BREBS-Valley. The average ET (ETrF) rate for lowland tallgrass
prairies (dry valleys) in 2004 (normal year) amounted to 3.4 mm day-1 (0.44). In 2006
(dry year) this rate amounted to 4.4 mm day-1 (0.42) and in 2009 (wet year) amounted to
4.4 mm day-1 (0.54) (Table 5). This could be an indication that (a) these species are
potentially reaching far into the soil profile to utilize groundwater for transpiration that
would otherwise need to be supplied by precipitation, and/or (b) that the local hydrology
supplied ample soil water even though precipitation was lacking overall. This result
shows that the Sand Hills dry valley vegetation is primarily C4, which has adapted to the
semiarid climate and local hydrologic connections by developing deep root systems
which can acquire necessary soil water for ET, regardless of climate conditions. Overall,
our results show that the RMSD of ET estimation by METRICTM for all lowland tallgrass
prairies (dry valleys) within path 32, row 31 of the Landsat orbit are 0.82 mm day-1 in
2004, 0.83 mm day-1 in 2006, and 0.56 mm day-1 in 2009. METRICTM consistently
underestimated the BREBS-Valley observations in May and July by 0.03-1.34 mm day-1,
but overestimated ET in September of 2004 and 2009 with of 1.19 mm day-1 and 0.95
mm day-1, respectively (Table 6). We attribute these differences to the fact that
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METRICTM is very sensitive to the characteristics of the hot and cold anchor pixels. If
they do not accurately represent the true conditions, estimations will likely be incorrect.
Therefore, careful consideration should be paid to image analysis in September within
this land cover classification.
Upland Sandhills prairie (upland dunes) exhibits the lowest ET rates of all three
land covers in this study. Upland land cover across the Sand Hills of Nebraska exhibits an
average range of ET (ETrF) of 2.1 – 3.0 mm day-1 (0.3 – 0.4), among all climate
conditions. Spatially, the upland land cover is the most abundant (~70% of region; Figure
21) and varies greatly in terms of slope, aspect, and proximity to groundwater. Some
upland areas exhibit dominance of bunchgrasses while others have a greater abundance of
CAM species. Differences in ET within the uplands are most likely regulated by the
amount of sand in the soil profile, slope and aspect of the landscape, and depth to
groundwater. High runoff and high rates of infiltration are evident in these areas and,
thus, ET rates are lowest among all land covers in this study. The average ET (ETrF) rate
for upland Sandhills prairie (upland dunes) in 2004 (normal year) amounted to 2.1 mm
day-1 (0.30). In 2006 (dry year) this rate amounts to 3.6 mm day-1 (0.33) and in 2009 (wet
year) amounts to 3.0 mm day-1 (0.40) (Table 5). This indicates that the upland dunes
maintain very low transpiration due to sandy soils which allow for rapid runoff and deep
percolation of precipitation inputs such that there is only a small window of 1 – 4 days
that vegetation can utilize the soil water added by precipitation events. Overall, our
results show that the RMSD of ET estimation by METRICTM for all upland Sandhills
prairies (upland dunes) within path 32, row 31 of the Landsat orbit are 0.66 mm day-1 in
2004, 2.05 mm day-1 in 2006, and 0.88 mm day-1 in 2009. METRICTM consistently
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overestimated the BREBS-Upland observations in all months/seasons by 0.30-3.19 mm
day-1 which is most likely to inaccurate representation of the hot anchor pixel (Table 6).
This could be due to the hot pixel not accurately representing bare soil and that hotter
pixels are needed in the calibration. Because the upland areas are dominated by C4 and
CAM species that use far less water than the alfalfa reference, a small difference in ETrF
will produce very high RMSD. Furthermore, when observed ET rates are under 1 mm
(like in September of 2004, and all images in 2006) estimations by METRICTM were
often overestimated. This is especially evident here because this is the most water limited
of all land cover types in this semiarid region. Among all climate conditions analyzed in
this study the Sandhills upland prairie averaged 1.3 mm day-1 and an overall aerial
consumption of 40571 acre ft day-1 (Figure 22).
3.3

Details of potential problems with instrumentation and BREBS
configuration
Attempting to estimate the Bowen ratio in semi-arid regions is difficult due to the

potential for very small temperature and vapor pressure gradients. The BREBS utilized in
this study utilize a suite of instrumentation that requires attention in overall bias
estimation. Table 2 outlines details of each instrument although a few issues require
attention. First, the temperature / relative humidity sensors are not mounted on
interchangeable arms. This could be problematic if a systematic error is present in either
of the two sensors. Also, these sensors were calibrated just once per year which leaves
time for a bias to be established and built into the data prior to the proceeding year's
calibration. Therefore, we recommend that future studies utilizing the Bowen ratio
implement interchanging arms as well as a greater temporal frequency of calibration.
Furthermore, the sensors were naturally ventilated versus being aspirated. This could
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potentially be problematic if one sensor is shaded or if the radiation shield is heated by
incident solar radiation (Gill 1983). Problems can occur with this configuration because
the highest sensor will be more ventilated, compared to the lowest sensor, according to
the logarithmic wind profile curve. If the sensors are not mounted facing the same
direction the potential for shading and/or discrepancies between the data measured could
exist. Temperature measurements from non-aspirated sensors can have a bias of up to
0.2oC and 0.1oC for wind speeds of 0.1 and 1 ms-1, respectively (Tanner 1979). If there is
a positive bias in the lower sensor on the BREBS system, this will increase the
temperature gradient (dT) and reduce the Bowen ratio. The reduction of the Bowen ration
would then reduce LE estimates and would cause this approach to underestimate ET. To
solve this problem, interchangeable arms would alleviate the need for bias correction.
Second, soil heat flux is measured using soil heat flux plates buried at depths of
0.03 and 0.05 m. Difficulties in maintaining operation of these plates required us to
utilize the best possible data available. This was either (a) data from one of the plates
because the other was not functioning, or (b) an average of the two different sensors.
Because soil temperature was not measured in the soil above the soil, the heat flux
estimate could potentially be inaccurate, which has compounding effects on the overall
energy balance because of its inclusion in the calculation of overall available energy (Rn
– G). Failure to account for the change in heat storage in this thin soil layer can lead to
significant errors. Mayocchi and Bristow (1995) found that errors as large as 80 Wm-2
can occur if heat storage is ignored. Although, Massman (1992; 1993) found that the
standard calorimetric correction for missing heat storage data may also have an error of +
3-10% itself.
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Third, net radiation is one of the most important parameters involved in energy
balance studies. Here we use a Kipp and Zonen NRLite Net Radiometer which has the
potential for error in tilting (off-level) as well as placement of the sensor over vegetation
that is not representative of the environment that it is intended to measure. The BREBS
stations are protected with four metal cattle-guards to prevent livestock from damaging
the instruments and disrupting the area around the instruments. Because of this there is a
potential for error in that the vegetation within the enclosure could be of different height,
roughness, and health than the surrounding landscape. For example, when the
subirrigated meadow is harvested, the vegetation within the BREBS enclosure remains
uncut. This introduces a potential for error in that the surrounding vegetation has been
altered while the net radiation measurements remain constant. Contaminants such as dirt
or fecal matter from avian species can alter measurements entirely if the sensor is totally
covered. If the lens of the net radiometer is dirty, shortwave radiation receipt is reduced
although it could absorb energy and release it as longwave radiation. The uncertainty of
net radiation measurements, here, are not substantial enough to discredit the comparisons
in this study. Overall, net radiation estimations by both the BREBS and METRIC were
similar and resulting biases are most likely minimal. Furthermore, the measurements
from the three different net radiometers are similar enough to provide us with confidence
that the estimates are accurate even thought they were not calibrated against a higher
precision radiometer like a Campbell Scientific CNR1. In analyzing the individual sites,
net radiation from the subirrigated meadow is highest due to the abundance of water and
vegetative canopy at the surface which has a lower albedo (more energy is absorbed).
This cool surface temperature reduces emitted longwave radiation and, thus, with the
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combination of lower albedo and sensible heating from the atmosphere (increasing
incoming longwave radiation), net radiation is increased. The upland site, for instance,
exhibits a much higher surface temperature and loses much more energy to the
atmosphere as emitted longwave radiation as well as reflected shortwave radiation
because of a higher albedo.
Issues with wind speed and direction measurements could be present because
sometimes bearings within the instrument housing lose their lubrication and friction
increases when fine particulate gets inside. This could alter the mechanisms which allow
the cups to spin on the anemometer. A similar problem could occur with the wind vane.
Lastly, there is a potential for error in precipitation measurements due to undercatch by the tipping bucket. Due to relatively high winds, this issue could be problematic.
Also avian species like to build nests within the funnel of the tipping bucket, while
spiders like to build webs around the tipping mechanism which can impede its ability to
tip and record a measurement. Thus, instrumentation of all kinds require diligent
maintenance and constant monitoring to ensure the best possible data collection at any
site.
4.0

CONCLUSIONS AND FUTURE RESEARCH
•

Among the climate conditions analyzed, subirrigated meadows average ET
(ETrF) rates of 4.7 – 5.8 mm day-1 (0.6 – 0.7). The small difference is most likely
an indication that groundwater is playing the lead role in replenishing soil
moisture necessary for optimal transpiration.

•

RMSD of ET estimation by METRICTM for all subirrigated meadows / emergent
wetlands within path 32, row 31 of the Landsat orbit are 0.92 mm day-1 in 2004,
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0.70 mm day-1 in 2006, and 1.42 mm day-1 in 2009. The largest RMSD for
subirrigated meadows occurs in the ‘wet’ year when METRICTM consistently
overestimated the BREBS-Meadow observations by 1.4 – 1.5 mm, and
estimations for September images were all overestimated by 1.2 - 1.4 mm day-1
(Table 6). This is most likely attributed to the selection of anchor pixels that do
not accurately represent the 'hot' and 'cold' conditions of vegetation and soils.
Therefore, careful consideration should be paid to this finding in future studies
that analyze imagery from abnormally wet years in semiarid regions, especially at
the end of the growing season.
•

Spatially, there is no distinct east-west or north-south trend in ET or ETrF across
path 32, row 31 for subirrigated meadows / emergent wetlands although
subirrigated meadows averaged 4.4 mm day-1 with an overall aerial consumption
of 3547 acre ft day-1 in the three years of this study.

•

The average range of ET (ETrF) in lowland tallgrass prairies (dry valleys) is 3.4 –
4.4 mm day-1 (0.4 – 0.5), among all climate conditions in this study. This result
shows that the Sand Hills dry valley vegetation has adapted to the semiarid
climate and local hydrologic connections by developing deep root systems which
can acquire necessary soil water for ET, regardless of climate conditions.
Although, ETrF increases from the driest of conditions (2006) to the wettest
conditions (2009) indicating that the dry valley increases the fraction of energy
devoted to ET in wetter climate conditions.

•

RMSD of ET estimation by METRICTM for all lowland tallgrass prairies (dry
valleys) within path 32, row 31 of the Landsat orbit are 0.82 mm day-1 in 2004,
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0.83 mm day-1 in 2006, and 0.56 mm day-1 in 2009. METRICTM consistently
underestimated the BREBS-Valley observations in May and July by 0.03-1.34
mm day-1, but overestimated ET in September of 2004 and 2009 with of 1.19 mm
day-1 and 0.95 mm day-1, respectively.
•

Spatially, there is no distinct east-west or north-south trend in ET or ETrF across
path 32, row 31 for dry valleys (lowland tallgrass prairies) although they averaged
3.3 mm day-1 and an overall aerial consumption of 9304 acre ft day-1 from the
three years in this study.

•

Upland land cover across the Sand Hills of Nebraska exhibits an average range of
ET (ETrF) of 2.1 – 3.0 mm day-1 (0.3 – 0.4), among all climate conditions.
Although, ETrF increases from the driest of conditions (2006) to the wettest
conditions (2009) indicating that the upland areas increase the fraction of energy
devoted to ET in wetter climate conditions due to a greater abundance of
moisture. In the uplands, ETrF and ET estimation increased from the ‘normal’
year (2004) to the driest (2006) year which is most likely due to atmospheric
properties present within this image which are invisible to the naked eye but are
noticeable from METRIC image processing. These properties are cool and
generate results that increase ET whereby surface temperature is perceived by the
satellite as being lower than actuality.

•

Spatially, there is no distinct east-west or north-south trend in ET or ETrF across
path 32, row 31 for upland dune ecosystems (upland Sandhills prairies) although
for the three years in this study METRICTM estimated they averaged 1.3 mm day-1
and an overall aerial consumption of 40571 acre ft day-1.
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•

RMSD of ET estimation by METRICTM for all upland Sandhills prairies (upland
dunes) within path 32, row 31 of the Landsat orbit are 0.66 mm day-1 in 2004,
2.05 mm day-1 in 2006, and 0.88 mm day-1 in 2009. METRICTM consistently
overestimated the BREBS-Upland observations in all months/seasons by 0.303.19 mm day-1. The reason that the 2006 RMSD is most different is most likely
due to the image being contaminated with cold air flow that lowers the estimated
surface temperature and increases ET (and ETrF).
This study is an example of how in-situ observations can be utilized in tandem

with remote sensing estimates of ET. Although, anchor pixel selection is integral to this
process and small differences in surface temperature and NDVI between anchor pixels
selected and those of 'true' hot and cold pixels can make very large differences in final
estimations of ET and ETrF. The calibration of METRICTM is very sensitive to these
parameters and displays the requirement of specialized skill in determining the proper
anchor pixels of which to calibrate the model. Cloud contamination is an issue that was
troublesome in this study due to the fact that some cool air or clouds that were invisible
to the naked eye were present which diminished our ability to accurately represent the hot
and cold pixels as the BREBS experience on the surface of the earth. We recommend due
diligence in selection of anchor pixels in order to maintain integrity of the model's
performance. Without extremely careful surveying of anchor pixel candidates, the final
estimation of ET (and ETrF) can be inaccurate. A sensitivity analysis of the calibration
characteristics within METRICTM would be beneficial to proper estimation of 'true'
anchor pixels in the semi-arid Sand Hills of Nebraska. With this information the level of
influence by each variable within the calibration assignments would be realized.
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Recommendation for future research could entail the use of different land cover
maps to better understand how land cover maps influence ET estimation using remote
sensing. Pixel classification could also be adjusted to distinguish between subirrigated
meadows and wetlands rather than having them both in the same class. More images
could be analyzed to bridge the temporal gap between those analyzed in this study.
Lastly, the most critical aspect to understanding patterns of water consumption by each
land cover type is groundwater level. Without this information, understanding the spatial
distribution of ET is difficult to define.
5.0
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CHAPTER 6: CONCLUSIONS
This research was conducted to analyze ecohydrological characteristics of the
Sand Hills of Nebraska. The four previous chapters of this dissertation represent the
foundation on which the specific findings within this research are grounded. A detailed
synopsis of how this research has led to improve our understanding of different
ecohydrological connections in the Nebraska Sand Hills is outlined in the following
description of the major conclusions drawn from this research.
Understanding energy partitioning at the earth's surface is important for
hydrologic resource managers. Historically, this has been a difficult task, but with the
advancement of satellite technology and image processing software we now have the
means to estimate energy partitioning across the landscape. The high spatial resolution of
the results in this study (30m x 30m) demonstrate a new understanding of how energy is
partitioned differently within vegetatively and hydrologically different land covers. The
images analyzed in this study provide evidence that the use of METRICTM provides an
accurate means to estimate ET in the semi-arid Sand Hills of Nebraska.
The question “how does climate influence the surface energy balance, in
particular evaporative fluxes, from different land cover types in a semi-arid region on
daily, diurnal and seasonal timescales?” was answered in Chapters 2 and 3 with analyses
of remote sensing and BREBS data analysis. I found that subirrigated meadows partition
the majority of their energy toward latent heat flux over the course of a day because of
the lowest water limitation. Seasonally, the abundance of C3 species heightens ET in the
spring and fall which is not as prevalent in the other two sites because they are dominated
by C4 and CAM species. The fact that there is a mix of C4 in the subirrigated meadow
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allows for the greatest ET to take place during the summer season when the C3 species
are reducing ET (although it is still occurring) and C4 species are thriving. Dry valley
consumption of water primarily occurs during the summer (warm) season and over the
course of a day energy is partitioned almost equally between latent and sensible heat
fluxes. At the upland dune site, the primary consumer on a daily basis is sensible heat
flux due to the greatest water limitation. Here, the abundance of C4 species displays the
highest ET rates during the summer season.
The question “what role does topography play in the organization of ET in the
Sand Hills of Nebraska and how do different remote sensing techniques influence our
understanding of the surface energy balance in a semi-arid region?” was answered in
Chapter 4 with the utilization of the METRICTM Mountain model. Here we implement a
digital elevation model which adjusted energy partitioning due to slope and aspect,
primarily. The BREBS locations are on flat ground, so the major adjustments of this
model did not drastically affect my results. This research question is answered with the
finding that the inclusion of adjustments to radiation, wind, and atmospheric stability
were beneficial to ET estimation. Therefore, I have gained new knowledge about what
remote sensing technique is most effective in this region.
The last overall research question, “how is water consumption within these land
cover types affected by different levels of hydroclimatological conditions both spatially
and temporally?” was answered in Chapter 5. Here, image processing displayed that (1)
the subirrigated meadows do not change ET rates much among the different conditions,
(2) the dry valleys had an intermediate reaction to these conditions which is attributable
to deep-rooted vegetation that can acquire necessary water when precipitation is limited,
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and (3) that the estimations of ET from the upland dunes was enhanced in times of more
abundant precipitation. Estimations of ET show differences between observations and
image processing which is most likely to (1) hot and cold pixel selection and/or (2)
instrumentation and BREBS site location issues. Both require careful attention in drawing
conclusions about estimating ET in different climate conditions.
The following sections outline the major findings within this dissertation:
1.0

Conclusions from Chapter 2
Overall, the images analyzed in this study provide evidence that the use of

METRICTM provides an accurate means to estimate ET in the semi-arid Sand Hills of
Nebraska. Although only one set of calibration data were utilized for comparison with
three different land covers, this chapter demonstrates that the use of the PenmanMonteith equation, with alfalfa as a reference crop, in METRICTM processing is a useful
tool for estimating ET across the Sand Hills landscape.
A review of the major conclusions from this chapter is as follows:
-

Remote sensing results of ET estimation for each image date are within an
acceptable range of roughly 20% difference (or 1 mm day-1) of BREBS
observations (Allen et al. 2007b; Allen et al. 2005; Cleugh et al. 2007; Gowda et
al. 2008; Sobrino et al. 2007). Daily ET estimates from METRICTM have been
found to contain anywhere from 10-20% error (Gowda et al. 2008), while the
BREBS individual instrument accuracies are listed in Chapter 2. Analyzing error
in ET estimation using satellite imagery requires careful consideration of image
quantity in any given water balance study. As the number of analyzed images
increases, the cumulative error in estimation will decrease. Thus a sufficient
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number of images, that capture all phenological stages, are required in order to
establish a robust estimation of cumulative growing season ET.
-

Comparing METRICTM results to observations from the BREBS, the subirrigated
meadow had an r2 = 0.56 and a RMSE = 0.74 mm; the dry valley had an r2 = 0.87
and a RMSE = 0.83 mm; and the upland dune had an r2 = 0.95 and a RMSE =
0.69 mm.

-

The subirrigated meadows in the region exhibit the highest average May –
September ET rates (4.8 mm day-1) due to the, assumed, close proximity of the
water table and high water holding capacity of the Gannett-Loup soil association.

-

The dry valleys are intermediate in their evaporative losses (2.1 mm day-1) from
May – September, which is most likely due to the lower water holding capacity of
the Elsmere soil association and limited connections with groundwater.

-

The Valentine soil association’s high infiltration and low water holding capacities
limit ET in the upland dune land cover types more than in the valleys and
meadows. The upland dune areas of the region are estimated to consume 1.5 mm
day-1 from May – September. Precipitation inputs at the upland dune locations are
quickly consumed in transpiration, result in runoff to the dry valleys or meadows,
or result in deep percolation to recharge the High Plains Aquifer.

-

The difference in ET from these three land cover types is derived from
hydrological influences on the landscape. Soil properties and topographic
conditions ultimately determine the distribution of infrequent, and highly
seasonal, precipitation events that are vital to the native grassland species of
Nebraska. The findings of this research emphasize how hydrology influences
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vegetative species composition, and in-turn, how ET is organized between three
of the five major land cover types in the semi-arid Sand Hills of Nebraska.
-

Overall, these results are encouraging for future use of this method of
evapotranspiration estimation in other semi-arid regions. With the ability to
accurately estimate ET within acceptable limits of the instrumentation and
methodologies on a point scale, inferences about ET on a wider spatial scale can
then be made.

-

Finally, this research displays the practicality of high resolution remote sensing
estimations of ET when used in concert with in-situ based calculations over three
of the five major land cover types in the Nebraska Sand Hills region.

2.0

Conclusions from Chapter 3
Land cover type and resulting microclimatic differences between them have

profound influences on the manner in which the surface of the earth interacts with
incident energy on annual, monthly and diurnal timescales. The following is a list of the
major findings of this chapter:
2.1

Annual Energy Partitioning

-

Annual accumulated precipitation was slightly less (399 mm) than the 30-year
normal of 510 mm, indicating a slightly dry year.

-

Accumulated evapotranspiration at the subirrigated meadow site was the highest
(763 mm), the dry valley site was the next highest (276 mm), and the upland dune
site was the lowest (213 mm).

-

At the subirrigated meadow, total accumulated evapotranspiration far surpassed
precipitation (763 mm vs. 399 mm, respectively). The subirrigated meadow is the

275

only site where overall accumulated ET was greater than P, which is an indication
of minimal soil water limitation and vegetation that capitalizes on inputs of soil
moisture from all levels of the soil profile. This finding aligns with Gosselin et al.
(2006) who established that the subirrigated meadow is an area that receives extra
soil water inputs from the flanking dunes.
-

The subirrigated meadow and dry valley sites are virtually identical in RH, VPD,
and U suggesting that the differences in energy partitioning between those two
sites is related to the average depth to groundwater and different vegetative
communities at each site exhibiting different water use efficiencies, rather than
strictly meteorological variables.

-

The upland dune site is an upland site which is slightly windier (roughly 1 ms-1),
hotter (roughly 1 oC), and less humid (here, roughly 12%) on average over the
entire year.

2.2

Seasonal Energy Partitioning

-

At the subirrigated meadow site, ET was greater than P in all months of the
growing season (April – October). The peak monthly accumulation occurred in
July with 136 mm, but all months from May – August experienced ET
accumulations at this site above 100 mm.

-

From spring – fall the average percentage of energy partitioned to λE at the
subirrigated meadow, dry valley and upland dune sites are 84%, 45%, and 31%.
The percentage of energy partitioned to H from spring - fall at the subirrigated
meadow, dry valley and upland dune sites are 16%, 51%, and 69% of available
energy.
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-

For all sites, the greatest seasonal λE occurred during the summer although in
different amounts. The subirrigated meadow, dry valley and upland dune
partitioned roughly 87%, 52%, and 32% of available energy during the summer to
λE, respectively.

-

Sensible heat flux (H) was highest in the spring, followed by summer, then fall for
the subirrigated meadow site although it remained below 25 Wm-2 in all seasons.

-

Soil heat flux is minimal at each site (averaging less than 10 Wm-2 in all seasons)
and the only season where it is negative (energy is flowing into the soil surface) is
in the fall when air temperatures are lowest among the seasons.

-

The dry valley site experienced more ET than P from May - July which coincides
with the height of the warm season C4 species photosynthetic activity. This also
could be due to the topographic position of the station being at the lowest point in
the valley. During May and June, this location may be utilizing soil water from
high April precipitation that could have recharged soil water throughout the
valley, through local hydrogeological connections. In July, the peak season for C4
photosynthesis, monthly ET and P reach a maximum (96 mm vs. 93 mm,
respectively) at this site. The highest precipitation of the year was recorded in July
although the dry valley site did not accumulate as much ET as the subirrigated
meadow site during the same time period. This could be due to high temperatures
and increased water use efficiency of the C4 species at the dry valley site. Toward
the end of the warm season (August-September) ET accumulations decrease
substantially at the dry valley site indicating senescence of the C4 species.
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-

The upland dune site shows the least overall ET of the three sites during all
months. This is most likely due to the absence of C3 and the inclusion of CAM
species. ET accumulation is very minimal until May and June. At this location, ET
is only greater than P once (August). This is most likely due to high July
precipitation that allowed ample soil water recharge which sustained ET greater
than P for this month. Even though precipitation is high in September the warm
season is ending and ET accumulation is low because the C4 and CAM species are
near dormancy.

2.3

Diurnal Energy Partitioning

-

In terms of diurnal differences in energy partitioning over the growing season
(April – October): the subirrigated meadow’s largest consumer of energy is λE
(84%) due to the lowest water limitation. At the dry valley, consumption of
energy was partitioned in almost equal fractions to λE and H (45% and 51%,
respectively). The upland dune’s largest consumer of energy is H (69%) due to
extreme water limitation. The only site where G was significant was at the upland
dune site due to sparse vegetation and a greater fraction of exposed soil.

-

For the entire growing season (April – October) the subirrigated meadow, dry
valley, and upland dune sites exhibited average ET rates of 3.0 ± 1.7 mm day-1,
1.6 ± 1.3 mm day-1, and 1.0 ± 0.9 mm day -1, respectively.

-

This analysis is intended to represent a detailed picture of the annual (JanuaryDecember), seasonal (spring, summer, fall), and diurnal cycles of energy
partitioning between three of the five major land cover types in the semi-arid
Sand Hills region of Nebraska. Future research on this subject could include more
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study sites with similar land cover characteristics although close attention will
need to be paid to soil moisture available to vegetation present and/or
groundwater depth, as we have shown that this as one of the critical aspects to the
organization of hydrology, vegetative structure, and resulting energy partitioning.
Crop models that simulate growth and water consumption by different species
present in the Sand Hills, such as prairie grasses, could potentially benefit from
the estimates of ET outlined in this research. Future estimates of groundwater
recharge may also benefit from this research as it provides an initial estimate of
water consumed by vegetation (ET) which is commonly difficult to accurately
determine by other, less direct means.
3.0

Conclusions from Chapter 4
Once dynamics of daily, diurnal and seasonal energy partitioning were examined,

this research then focused on the use of different remote sensing techniques to better
understand the influence of topography on ecohydrological connections between land
covers in the Sand Hills region. In one model scenario, the earth is assumed flat (FLT),
while in our adjusted model scenario (MTN) a digital elevation model is employed to
determine slope and aspect which is implemented in radiation and sensible heat flux
calculations. The most notable differences between FLT and MTN indicate that by
including the property of slope, which adjusts the cosθ calculation and not assuming it to
be constant, net radiation is decreased throughout all images. The main adjustments to the
METRICTM model in this research include (1) dividing incoming radiation into beam,
diffuse and terrain components, (2) adjustment of cosθ in radiation calculations (using
slope), and (3) introducing atmospheric stability and wind speed adjustments to areas of
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steep (>5o) topography. Three different model runs were examined in this research: (1)
where the earth is assumed flat (FLT), (2) where topography is introduced and
adjustments to stability and wind speed were introduced with a standard deviation of
elevation threshold of 30m (MTN30), and (3) where the topographic influence is governed
by a standard deviation of elevation threshold of 15m (MTN15). The two runs with
topographic influence are collectively referred to as MTN. Specific conclusions drawn
from this chapter are listed below:
-

Differences between our model results indicate that the adjustments to radiation,
wind speed and stability are minimal at the immediate BREBS locations (flat
topography) because the adjustments to wind speed and stability only occur in
areas with steep slopes (> 5o) and where the relative elevation of a pixel is high
enough (either 30m or 15m in this study) to evoke the adjustments.

-

Energy partitioning then differs in MTN by consistently increasing ET estimates
from cool meadows and decreasing ET estimates from open bodies of water and
steep warm slopes.

-

Overall the flattest locations in our study, subirrigated meadows, experienced
increased ET estimation from MTN30 and MTN15 although MTN30 is closest to the
observations than from FLT (lowest RMSE).

-

Average ETrF values for all subirrigaed meadows in the western Sand Hills
region indicate that by midsummer (July) in 2004 the combination of C3 and C4
species transpiring in tandem reach a maximum level near that of mature alfalfa.
The maximum average ETrF for all the subirrigated meadows in the Sand Hills
was on July 8 with 0.8 (mature alfalfa ETrF = 1.05) , while the maximum average
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ET was 5.4 mm day-1. The maximum ETrF and ET at the BREBS-Meadow
location were also on July 8 with 1.0 and 5.8 mm day-1, respectively. This result is
encouraging for regional analyses given the majority of subirrigated meadows in
the Nebraska Sand Hills are vegetated by natural prairies grasses that rarely reach
the full transpirational capacity of mature alfalfa due to the semiarid climate and
soil water limitations. The reason that ETrF values are lower than the potential
rate defined by alfalfa could also be due to the inclusion of sand in the soil profile,
which limits water holding capacity.
-

Dry valley (lowland tallgrass prairie) ET estimation was most difficult to estimate
for all models, which is evident in the high RMSE. The conditions that allow for
dry valleys to exist are somewhat difficult to distinguish across the landscape. The
GAP Analysis map utilized Landsat spectral signatures to determine land cover
delineations in 1993 although the dry valleys are comprised of both short and
tallgrass species which may have changed since then. Simply stated, species
composition can vary drastically from one year to the next in dry valleys
depending on local hydrology and climatology. Thus, although we utilize a land
cover map to generate estimates of ET across the landscape, we maintain that
careful consideration must be paid to interpreting our results from all land cover
types. For instance, the Sand Hills of Nebraska is a dynamic landscape where an
area that is on the boundary of a ‘wetland’ can dry-up and become more
characteristic of an ‘upland’ prairie within a single growing season if precipitation
and connections to groundwater are lacking. This is very common for dry valleys
(lowland tallgrass prairies) that experience limited influence from groundwater.
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-

Our results indicate that the dry valleys of the western Sand Hills reach a
maximum average ETrF also occurs at the height of the warm-season on July 8
with 0.7 (ETrF of mature alfalfa = 1.05) and 4.4 mm day-1 of ET although the
timing of maximum ETrF at the BREBS-Valley location does not occur until the
following image on August 1 with 0.69 and 5.0 mm day-1 of ET. This is primarily
due to the abundance of bunchgrasses in the dry valley that utilize the C4
photosynthetic pathway which requires less water and warmer temperatures for
optimal transpiration versus the C3 species that dominate the subirrigated
meadow.
The upland areas experience the greatest differences in ET estimation although

-

the degree to which each energy balance component is altered is unknown until a
formal sensitivity analysis is performed. The upland areas experience increased
ET estimations by MTN30 and MTN15 compared to FLT in all images of 2004
except June and July, the beginning of the upland growing season (warm-season,
or summer) when transpiration is heightened.
The upland dunes of the western Sand Hills reach a maximum average ETrF at

-

the height of the warm-season on July 8 with 0.5 (ETrF of mature alfalfa = 1.05)
and 3.6 mm day-1 of ET. The timing of maximum ETrF at the BREBS-Upland
location occurs on the same date with 0.45 with 2.3 mm day-1 of ET.
-

Although estimations both increased and decreased, MTN30 has the lowest RMSE
(0.65 mm day-1) and, therefore, is recommended as the best suited model to
estimate ET in the uplands (upland Sandhills prairie) of the Sand Hills of
Nebraska.
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-

Overall, the radiation, stability and wind speed adjustments improve ET
estimation due to decreases in H. This is due to a decrease in net radiation which
also decreases G, slightly (~1-2%). The largest reason why ET estimates are
adjusted is in the calculation of H. In MTN, G is virtually the same although H is
decreased at our BREBS locations, which leaves a greater proportion of energy to
be partitioned to LE. This is due to the fact that Rn decreased in MTN. Although
the difference is small, with less Rn, Hhot and Hcold experience a reduction, which
in turn reduces dT, and thus reduces H. When the residual is calculated, generally
more energy is left for LE in MTN.

-

An examination of the sensitivity of MTN to characteristics like slope, aspect,
elevation, etc. is required to form any deeper conclusions about the model's
performance at this point. The adjustments to wind speed and stability require
specific landscape properties that our BREBS locations do not exhibit. Therefore,
the major adjustments that occur in MTN are not realized at our BREBS
locations. Rather, the adjustments are primarily impacting the steep slopes
surrounding the BREBS locations.

-

This study was intended to serve as an initial assessment of the MTN performance
in the Nebraska Sand Hills at the ground-truth locations, first. Since the findings
of this research indicate that these adjustments are advantageous at our BREBS
sites, a sensitivity analysis is warranted in future research to examine the model's
accuracy on areas with greater topographic relief such as along an elevational
gradient. Determining the accuracy of these adjustments with ground-truth

283

observations may be difficult given fetch requirements of energy balance systems
of which are generally violated on steep slopes.
-

We also suggest performing this same sensitivity analysis on multiple temporal
scales spanning a broad spectrum of moisture limitations for comparison to our
results from a year close to climatological normal in a semiarid region. Daily
estimates could then be used to better understand seasonal and, potentially, annual
energy partitioning at this location. More years could then be analyzed for
consistency model performance. Furthermore, to test the sensitivity between these
models, a survey of different slopes, aspects, vegetative conditions, etc. could be
sampled and analyzed to improve understanding of model performance in these
varying ecological/hydrological conditions.
-

Finally, the radiation adjustments employed in MTN30 indicate that by dividing
the shortwave component into beam, diffuse and terrain components that the total
available energy is more accurately estimated versus assuming a flat surface of
the earth. MTN15 was employed because most of the study area did not exhibit a
SDE greater than 30, the way the model was originally designed. The use of SDE
is an attempt to describe how topographic composition effects large-scale
atmospheric flow. Thus, we reduced the SDE threshold in order to determine how
energy partitioning would be altered if the adjustments were applied to pixels with
lower SDE. We find that by reducing the SDE threshold MTN15 produced less
accurate results (higher RMSE) than the other two models and is, therefore, not
the most accurate representation of large-scale atmospheric flow in the Sand Hills
of Nebraska. In conclusion, both models (FLT and MTN) perform well although
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our findings suggest that MTN30 is the most accurate representation of Nebraska
Sand Hills’ regional energy partitioning.
Conclusions from Chapter 5
•

Among the climate conditions analyzed, subirrigated meadows average ET
(ETrF) rates of 4.7 – 5.8 mm day-1 (0.6 – 0.7). The small difference is most likely
an indication that groundwater is playing the lead role in replenishing soil
moisture necessary for optimal transpiration.

•

RMSD of ET estimation by METRICTM for all subirrigated meadows / emergent
wetlands within path 32, row 31 of the Landsat orbit are 0.92 mm day-1 in 2004,
0.70 mm day-1 in 2006, and 1.42 mm day-1 in 2009. The largest RMSD for
subirrigated meadows occurs in the ‘wet’ year when METRICTM consistently
overestimated the BREBS-Meadow observations by 1.4 – 1.5 mm, and
estimations for September images were all overestimated by 1.2 - 1.4 mm day-1
(Table 6). This is most likely attributed to the selection of anchor pixels that do
not accurately represent the 'hot' and 'cold' conditions of vegetation and soils.
Therefore, careful consideration should be paid to this finding in future studies
that analyze imagery from abnormally wet years in semiarid regions, especially at
the end of the growing season.

•

Spatially, there is no distinct east-west or north-south trend in ET or ETrF across
path 32, row 31 for subirrigated meadows / emergent wetlands although
subirrigated meadows averaged 4.4 mm day-1 with an overall aerial consumption
of 3547 acre ft day-1 in the three years of this study.
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•

The average range of ET (ETrF) in lowland tallgrass prairies (dry valleys) is 3.4 –
4.4 mm day-1 (0.4 – 0.5), among all climate conditions in this study. This result
shows that the Sand Hills dry valley vegetation has adapted to the semiarid
climate and local hydrologic connections by developing deep root systems which
can acquire necessary soil water for ET, regardless of climate conditions.
Although, ETrF increases from the driest of conditions (2006) to the wettest
conditions (2009) indicating that the dry valley increases the fraction of energy
devoted to ET in wetter climate conditions.

•

RMSD of ET estimation by METRICTM for all lowland tallgrass prairies (dry
valleys) within path 32, row 31 of the Landsat orbit are 0.82 mm day-1 in 2004,
0.83 mm day-1 in 2006, and 0.56 mm day-1 in 2009. METRICTM consistently
underestimated the BREBS-Valley observations in May and July by 0.03-1.34
mm day-1, but overestimated ET in September of 2004 and 2009 with of 1.19 mm
day-1 and 0.95 mm day-1, respectively.

•

Spatially, there is no distinct east-west or north-south trend in ET or ETrF across
path 32, row 31 for dry valleys (lowland tallgrass prairies) although they averaged
3.3 mm day-1 and an overall aerial consumption of 9304 acre ft day-1 from the
three years in this study.

•

Upland land cover across the Sand Hills of Nebraska exhibits an average range of
ET (ETrF) of 2.1 – 3.0 mm day-1 (0.3 – 0.4), among all climate conditions.
Although, ETrF increases from the driest of conditions (2006) to the wettest
conditions (2009) indicating that the upland areas increase the fraction of energy
devoted to ET in wetter climate conditions due to a greater abundance of
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moisture. In the uplands, ETrF and ET estimation increased from the ‘normal’
year (2004) to the driest (2006) year which is most likely due to atmospheric
properties present within this image which are invisible to the naked eye but are
noticeable from METRIC image processing. These properties are cool and
generate results that increase ET whereby surface temperature is perceived by the
satellite as being lower than actuality.
•

Spatially, there is no distinct east-west or north-south trend in ET or ETrF across
path 32, row 31 for upland dune ecosystems (upland Sandhills prairies) although
for the three years in this study METRICTM estimated they averaged 1.3 mm day-1
and an overall aerial consumption of 40571 acre ft day-1.

•

RMSD of ET estimation by METRICTM for all upland Sandhills prairies (upland
dunes) within path 32, row 31 of the Landsat orbit are 0.66 mm day-1 in 2004,
2.05 mm day-1 in 2006, and 0.88 mm day-1 in 2009. METRICTM consistently
overestimated the BREBS-Upland observations in all months/seasons by 0.303.19 mm day-1. The reason that the 2006 RMSD is most different is most likely
due to the image being contaminated with cold air flow that lowers the estimated
surface temperature and increases ET (and ETrF).
This study is an example of how in-situ observations can be utilized in tandem

with remote sensing estimates of ET. Although, anchor pixel selection is integral to this
process and small differences in surface temperature and NDVI between anchor pixels
selected and those of 'true' hot and cold pixels can make very large differences in final
estimations of ET and ETrF. The calibration of METRICTM is very sensitive to these
parameters and displays the requirement of specialized skill in determining the proper
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anchor pixels of which to calibrate the model. Cloud contamination is an issue that was
troublesome in this study due to the fact that some cool air or clouds that were invisible
to the naked eye were present which diminished our ability to accurately represent the hot
and cold pixels as the BREBS experience on the surface of the earth. We recommend due
diligence in selection of anchor pixels in order to maintain integrity of the model's
performance. Without extremely careful surveying of anchor pixel candidates, the final
estimation of ET (and ETrF) can be inaccurate. A sensitivity analysis of the calibration
characteristics within METRICTM would be beneficial to proper estimation of 'true'
anchor pixels in the semi-arid Sand Hills of Nebraska. With this information the level of
influence by each variable within the calibration assignments would be realized.
Recommendation for future research could entail the use of different land cover
maps to better understand how land cover maps influence ET estimation using remote
sensing. Pixel classification could also be adjusted to distinguish between subirrigated
meadows and wetlands rather than having them both in the same class. More images
could be analyzed to bridge the temporal gap between those analyzed in this study.
Lastly, the most critical aspect to understanding patterns of water consumption by each
land cover type is groundwater level. Without this information, understanding the spatial
distribution of ET is difficult to define.
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Appendix A – Quality Assurance (QA) / Quality Control (QC) of Automated
Weather Data Network (AWDN) data used in calibration of METRICTM.
Quality assurance of meteorological data is essential to accurate estimation, and
avoidance of bias, in calculation of reference evapotranspiration (ETr). An
accurate representation of solar radiation, air temperature, humidity, and wind
parameters is necessary for implementation of ETr in energy balance modeling.

Figure A1. Solar radiation (Rs) values from the AWDN versus a ‘clear sky’ (Rs0)
estimation – 2004.

Figure A2. Solar radiation (Rs) values from the AWDN versus a ‘clear sky’ (Rs0)
estimation – 2006.

Figure A3. Solar radiation (Rs) values from the AWDN versus a ‘clear sky’ (Rs0)
estimation – 2009.
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Figure A4. Minimum temperature, Maximum temperature, and Relative Humidity
values
– 2004.

Figure A5. Minimum temperature, Maximum temperature, and Relative Humidity
values
– 2006.

Figure A6. Minimum temperature, Maximum temperature, and Relative Humidity
values
– 2009.
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Figure A7. Minimum daily air temperature (Ta_min) and mean daily dew point
temperature (Tdew) – 2004.

Figure A8. Minimum daily air temperature (Ta_min) and mean daily dew point
temperature (Tdew) – 2006.

Figure A9. Minimum daily air temperature (Ta_min) and mean daily dew point
temperature (Tdew) – 2009.
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Figure A10. Minimum and maximum air temperature - 2004

Figure A11. Minimum and maximum air temperature - 2006

Figure A12. Minimum and maximum air temperature - 2009
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Figure A13. Difference between the average air temperature and the mean of
daily minimum and maximum temperatures – 2004.

Figure A14. Difference between the average air temperature and the mean of
daily minimum and maximum temperatures – 2006.

Figure A15. Difference between the average air temperature and the mean of
daily minimum and maximum temperatures – 2009.
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Figure A16. Wind speed and wind gusts – 2004

Figure A17. Wind speed and wind gusts – 2006

Figure A18. Wind speed and wind gusts – 2009
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Figure A19. Reference evapotranspiration for alfalfa reference (ETr) and grass
reference (ETo) – 2004.

Figure A20. Reference evapotranspiration for alfalfa reference (ETr) and grass
reference (ETo) – 2006.
2009

Figure A21. Reference evapotranspiration for alfalfa reference (ETr) and grass
reference (ETo) – 2009.
The weather data employed in this dissertation did not require any adjustment to
radiation, temperature, humidity, or wind. The QA/QC procedure was beneficial
toward establishing confidence in the calibration datasets for 2004, 2006, and
2009. For instance, our solar radition (Rs) does not exceed the ‘clear sky’ value

295

(Rs0) except a few instances very late in 2004, therefore no correction was
necessary. RHmax is between 95 - 100 % for most of the year and RHmin stays
above ~ 15 %, Tmin and Tdew are within 2 -3 oC, the wind gust factor
(Wsmax/Wsmean) remains as a relatively constant scatter (i.e. does not jump a
level, and is not absolutely constant), and wind speed generally averages about 12 ms-1.
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Appendix B – Hot and cold pixels used in calibration of METRICTM image
processing
2004

2006

2009
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Appendix C - Meteorological variables and spatial characteristics of
evapotranspiration.

Figure C1. Average diel vapor pressure deficit during 2004 from the three BREBS
stations at the Gudmundsen Sandhills Research Laboratory near Whitman, NE.

Figure C2. Temperature difference between the upper and lower temperature sensors at
the three BREBS stations within the Gudmundsen Sandhills Research Laboratory near
Whitman, NE during 2004.
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Figure C3. Average diel vapor pressure gradients from the three BREBS locations
during 2004.
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Figure C4. A sample of vapor pressure and temperature gradient, as well as the Bowen
ratio, net radiation, and the ratio of vapor pressure to temperature gradients from the
meadow BREBS locations during 2004.
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Figure C5. A sample of vapor pressure and temperature gradient, as well as the Bowen
ratio, net radiation, and the ratio of vapor pressure to temperature gradients from the
valley BREBS locations during 2004.
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Figure C6. A sample of vapor pressure and temperature gradient, as well as the Bowen
ratio, net radiation, and the ratio of vapor pressure to temperature gradients from the
upland BREBS locations during 2004.
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Figure C7. Histograms of evapotranspiration data by season (spring, summer, and fall)
for 2004.
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Figure C8. Histograms of evapotranspiration data by season (spring, summer, and fall)
for 2006.

304

Figure C9. Histograms of evapotranspiration data by season (spring, summer, and fall)
for 2009.

